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NOTICE 
This  report was p repa red  a s  an  account  of Govern- 
m e n t  sponso red  work. 
nor  the  N a t i o n a l  Aeronau t i c s  and Space Adminis- 
t r a t i o n  (NASA),  nor  any person a c t i n g  on beha l f  
of NASA: 
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The major c o n t r i b u t o r s  to  t h i s  development 
program are  Mr. R .  Engdahl, P r o j e c t  Manager, 
Mr. Anthony Cassano, Mr. David Mends, Mr. 
P h i l i p  Tubman and Mr. George G a r r i t y .  A n a l y s i s  
and p r e s e n t a t i o n  of t h e  meta l lographic  and 
X-ray microprobe data  conta ined  i n  t h i s  r e p o r t  
was performed by Mr. David Mends and 
Mr. P h i l i p  Tubman. 
ABSTRACT 
Cont inuing  development of a the rmion ic  d i o d e  p r e s s u r e  
t r a n s d u c e r  f o r  l i q u i d  me ta l  a p p l i c a t i o n s  is  described. 
Two tes t  models were f a b r i c a t e d  and i n s t a l l e d  i n  t h e  
Vacuum T e s t  F a c i l i t y .  One of t h e  models i n c o r p o r a t e d  
t h e  C-129Y double  convo lu t ion  p r e s s u r e  c a p s u l e  
p r e v i o u s l y  tested us ing  t h e  o p t i c a l  t e c h n i q u e .  A 
c r o s s - s e c t i o n a l  c u t  was made o f  t h e  r e p r e s e n t a t i v e  
Nb-lZr/Lucalox s e a l  which  r e c e n t l y  underwent l i f e  
t e s t i n g .  A n a l y s i s  o f  t h e  c r o s s - s e c t i o n  i n d i c a t e s  t h a t  
s e a l s  f a b r i c a t e d  by t h i s  t e c h n i q u e  w i l l  meet t h e  perform- 
ance r equ i r emen t s  f o r  t empera tu re  and i n t e r n a l  p r e s s u r i z a -  
t i o n .  The 500 hour potass ium c o m p a t i b i l i t y  tes t  w a s  
completed.  After t h e  t es t ,  t h e  f o u r  tes t  p r e s s u r e  
c a p s u l e s  were found t o  be s t i l l  leak t i g h t .  Metal- 
lographic  examinat ion showed no ev idence  of potass ium 
a t t a c k  i n  t h e  capsu le  i n t e r i o r .  I n i t i a l  work on  t h e  
t r a n s d u c e r  s i g n a l  c o n d i t i o n i n g  equipment e s t ab l i shed  
t h e  v a r i o u s  f u n c t i o n a l  blocks o f  t h e  s y s t e m .  The 
d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  e f f o r t  w a s  concen- 
t r a t e d  on exper imenta l  work i n v o l v i n g  t h e  force- 
d e f l e c t i o n  and frequency r e sponse  c h a r a c t e r i s t i c s  of 
a r e p r e s e n t a t i v e  mechanical l i n k a g e .  &did) 
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I n t r o d u c t i o n  
The o b j e c t i v e  of t h i s  program is t o  develop  p r e s s u r e  
t r a n s d u c e r s  w h i c h  can be used i n  advanced c l o s e d ' c y c l e  
power sys tems u s i n g  l i q u i d  metals such  a s  mercury,  
sodium, potass ium a n d  o t h e r  a l k a l i  metals a s  working 
and heat  t r a n s f e r  m e d i a  a t  e l e v a t e d  t e m p e r a t u r e s .  
Accura te  p r e s s u r e  measurements i n  t h e  h i g h  t e m p e r a t u r e  
l i q u i d ,  vapor ,  and two phase  streams are r e q u i r e d  f o r  
research, d e s i g n  and c o n t r o l  pu rposes .  I n  a d d i t i o n ,  
s p a c e  f l i g h t  r e q u i r e s  l i g h t w e i g h t  s y s t e m s  c a p a b l e  of 
e n d u r i n g  long  periods of una t t ended  o p e r a t i o n .  
-.. 
1.0 
L i q u i d  metal  p r e s s u r e  measurements a t  e l e v a t e d  tempera- 
t u r e s  pose  many design problems demanding t h e  best  from 
a v a i l a b l e  m a t e r i a l s .  To e s t a b l i s h  a f i r m  d e s i g n  base 
f o r  t h e  t r a n s d u c e r  equipment, f o u r  diaphragm materials 
and t w o  t r a n s d u c e r  s y s t e m s  have been chosen  f o r  eva lua -  
t i o n .  The  selected t r a n s d u c e r  s y s t e m  u s i n g  a t h e r m i o n i c  
d iode  s e n s o r  w i l l  be developed for  u s e  a s  e i t h e r  ground 
or f l i g h t  hardware f o r  measur ing  a b s o l u t e  and 
d i f f e r e n t i a l  p r e s s u r e s .  The a b s o l u t e  p r e s s u r e  i n s t r u -  
ment w i l l  be developed f o r  a f u l l  scale r a n g e  of 80 
p s i a  and t h e  d i f f e r e n t i a l  i n s t rumen t  f o r  f 5  p s i d .  
1. 
2.0 Summary 
D u r i n g  t h e  r e p o r t  p e r i o d ,  t w o  t he rmion ic  d i o d e  
s e n s o r s  were f ab r i ca t ed  and i n s t a l l e d  i n  t h e  Vacuum 
T e s t  F a c i l i t y .  One tes t  dev ice  i n c o r p o r a t e d  t h e  
micrometer head f i x t u r e  t o  c o n t r o l  t h e  motion of a 
s imula t ed  a c t i v e  co l l ec to r .  The second tes t  d e v i c e  
inco rpora t ed  t h e  C-129Y double  c o n v o l u t i o n  p r e s s u r e  
capsu le .  Only l i m i t e d  r e s u l t s  have been o b t a i n e d  
because o f  f a u l t y  braze j o i n t s  between t h e  emitter 
housing and t h e  Lucalox ceramic base. The t w o  test  
u n i t s  were r e b u i l t  u s i n g  wires, brazed i n t o  t h e  
Lucalox base, t o  s e c u r e  t h e  emitter hous ing .  
A c r o s s - s e c t i o n  of t h e  r e p r e s e n t a t i v e  Nb-lZr/Lucalox 
s e a l ,  which r e c e n t l y  underwent a 2400 hour  l i f e  test  
a t  1800'F and v a r i o u s  i n t e r n a l  p r e s s u r e  l e v e l s ,  was 
s u c c e s s f u l l y  p repa red .  Both  pho tograph ic  and  micro- 
probe  t e c h n i q u e s  were used t o  a n a l y z e  t h e  c r o s s - s e c t i o n .  
R e s u l t s  i n d i c a t e  t h a t  s e a l s  f a b r i c a t e d  by t h i s  
t echn ique  w i l l  meet t h e  t e m p e r a t u r e  (1800'F) and 
i n t e r n a l  p r e s s u r i z a t i o n  (160 p s i a )  r e q u i r e m e n t s .  
2. 
L 
The 500 hour  potass ium c o m p a t i b i l i t y  test  was completed.  
The potass ium was e x t r a c t e d  from t h e  test  c a p s u l e s  
and m e t a l l o g r a p h i c  examinat ion of t h e  c a p s u l e s  was 
performed.  The f o u r  s i n g l e  c o n v o l u t i o n  p r e s s u r e  
c a p s u l e s  (C-l29Y, FS-85, T-222 and W-25Re) were found 
t o  be l e a k  t i g h t  a f t e r  t h e  c o m p a t i b i l i t y  t e s t i n g  and 
there was no ev idence  of  po tass ium a t t a c k  i n  t h e  
c a p s u l e  i n t e r i o r .  One o f  t h e  f o u r  e l e c t r i c a l  t e r m i n a l s  
developed a l e a k  during t h e  t e s t i n g .  
The v a r i o u s  f u n c t i o n a l  b l o c k s  of  t h e  t r a n s d u c e r  
s i g n a l  c o n d i t i o n i n g  s y s t e m  have been e s t a b l i s h e d .  
The s i g n a l  l e v e l s  are  q u i t e  r e a s o n a b l e  and t h e  
necessa ry  s y s t e m  components a r e  r e a d i l y  a v a i l a b l e .  
I n i t i a l  bread-board f a b r i c a t i o n  o f  t h e  sys tem components 
is underway. 
A welded mock-up o f  a d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  
mechanical  c o n f i g u r a t i o n  was f a b r i c a t e d .  T e s t s  were 
performed t o  e v a l u a t e  t h e  f o r c e - d e f l e c t i o n  and 
frequency r e sponse  c h a r a c t e r i s t i c s  of t h e  c o n f i g u r a -  
t i o n .  
3. 
I .  
3 . 0  Thermionic Diode P r e s s u r e  Transducer  
To avoid c o n f u s i o n  i n  d i s c u s s i n g  t h e  t r a n s d u c e r  t e s t  
u n i t s  now be ing  e v a l u a t e d  and those p lanned  for  
f u t u r e  t e s t i n g ,  t h e  t r a n s d u c e r s  w i l l  be referred t o  
i n  numerical  order ( i . e . ,  T-1, T-2, e t c ) .  T-1 was 
described i n  t h e  F i f t h  Q u a r t e r l y  Report  (Reference  1). 
T h i s  u n i t  used a t u n g s t e n  heater w i t h  molybdenum 
e x t e r n a l  leads.  The h e a t e r  w l r e  was wound on an 
alumina coil form and t h e  tungsten/molybdenum connec- 
t i o n  was made by plasma-spraying t h e  j o i n t  w i t h  
t u n g s t e n .  During p r e l i m i n a r y  t e s t i n g  i n  t h e  Vacuum 
T e s t  F a c i l i t y ,  t h e  heater of T-1 developed a n  open 
c i r c u i t ,  a p p a r e n t l y  i n  t h e  first h e a t e r  t u r n  around 
t h e  c o i l  form, which i n c l u d e s  one of t h e  plasma-sprayed 
j o i n t s .  E f f o r t s  t o  disassemble t h e  heater t o  
determine t h e  e x a c t  c a u s e  of f a i l u r e  were u n s u c c e s s f u l .  
The use of rhenium wire f o r  bo th  t h e  heater and t h e  
e x t e r n a l  leads was d i s c u s s e d  i n  t h e  F i f t h  Q u a r t e r l y  
Report (Reference  1). To implement t h i s  p l a n ,  both 
0.010 inch  and  0.012 i n c h  diameter rhenium w i r e  was 
4 .  
o b t a i n e d  for  t h e  e x t e r n a l  l eads  and a heater d e s i g n  
was developed u s i n g  0.003 i n c h  diameter rhenium wire. 
Wire embr i t t l emen t  and breakage  problems encoun te red  
i n  t h e  f a b r i c a t i o n  of t h e  h e a t e r  i n d i c a t e d  t h a t  t h e  
development of t h e  pure rhenium h e a t e r  would take t o o  
long  t o  be of v a l u e  i n  t h e  program. As a second 
choice, heaters of 0.003 i n c h  diameter W-3Re w i r e  
were ordered. U n t i l  these he,aters were r e c e i v e d ,  
work con t inued  u s i n g  t h e  t u n g s t e n  h e a t e r  and t h e  
rhenium e x t e r n a l  leads .  
During t h e  report period, two t r a n s d u c e r  t e s t  u n i t s ,  
T-2 and T-3, were f a b r i c a t e d  and i n s t a l l e d  i n  t h e  
Vacuum T e s t  F a c i l i t y ,  Both  d e v i c e s  c o n t a i n e d  a p u r e  
t u n g s t e n  heater w i t h  rhenium e x t e r n a l  leads.  T-2 
used 0.010 i n c h  diameter  rhenium w i r e ;  T-3 used  0.012 
i n c h  diameter rhenium wire. The t u n g s t e d r h e n i u m  
connec t ion  w a s  welded and appeared much s t r o n g e r  t h a n  
t h e  plasma-sprayed tungsten/molybdenum c o n n e c t i o n  
used i n  T-1. 
The T-2 u n i t  i nco rpora t ed  t h e  micrometer head f i x t u r e  
t o  c o n t r o l  t h e  motion of a s i m u l a t e d  a c t i v e  collector.  
5 .  
I n i t i a l  bake-out i n  t h e  Vacuum T e s t  F a c i l i t y  was 
completed and emitter a c t i v a t i o n  i n d i c a t e d  t h a t  t h e  
emiss ion  c u r r e n t s  from both emitters were close t o  
t h e  va lues  p r e d i c t e d  by space charge t h e o r y .  After 
bake-out, the  a c t i v e  and r e f e r e n c e  col lector  c u r r e n t s  
became e r r a t i c ,  f o r c i n g  s u s p e n s i o n  of t h e  t es t  and 
removal of t h e  u n i t  t o  de te rmine  t h e  c a u s e  of the  
problem. 
The T-3 u n i t  c o n s i s t e d  of t h e  t h e r m i o n i c  diode s e n s o r  
i n s t a l l e d  i n s i d e  t h e  C-129Y double  c o n v o l u t i o n  p r e s s u r e  
capsu le .  The C-129Y c a p s u l e  w a s  modi f ied  t o  a l l o w  
f o r  argon p r e s s u r i z a t i o n  of t h e  T-3 u n i t  i n  t h e  
Vacuum T e s t  F a c i l i t y .  The C-129Y c a p s u l e  had under- 
gone t h e  o r i g i n a l  d e f l e c t i o n  tes t  program u s i n g  t h e  
o p t i c a l  t e c h n i q u e .  The r e s u l t s  o b t a i n e d  f r o m  t h e  
o p t i c a l  measurements w i l l  be compared t o  those 
ob ta ined  by u s i n g  t h e  t h e r m i o n i c  d iode  s e n s o r .  
Fol lowing t h e  i n i t i a l  bake-out,  an  e lec t r ica l  short  
was observed between t h e  C-129Y c a p s u l e  and t h e  
emitter hous ing  o f  t h e  t h e r m i o n i c  s e n s o r .  The u n i t  
was removed f r o m  t h e  vacuum chamber and d i s m a n t l e d .  
6 .  
I n  both  t h e  T-2 and T-3 u n i t s ,  f a u l t y  b r a z e  j o i n t s  
were found between t h e  e m i t t e r  hous ing  and t h e  
Lucalox ceramic  base. The r e s u l t a n t  cock ing  of t h e  
emitter hous ing  on t h e  Lucalox base  caused  t h e  errat ic  
data  o f  T-2 and t h e  s h o r t  c i r c u i t  i n  T-3. I n  a d d i t i o n ,  
h a i r l i n e  c r a c k s  were no t i ced  a t  t h e  base  o f  t h e  
Lucalox p o s t s  upon w h i c h  t h e  emitter hous ing  was 
mounted. To r e s o l v e  t h e s e  problems, i t  was dec ided  
t o  move t h e  p o s i t i o n  of t h e  Lucalox p o s t s  so t h a t  
each  p o s t  had a c e n t r a l  hole.  P r e v i o u s l y ,  t h e  h o l e s  
had been used t o  c o n t a i n  t h e  w i r i n g  t o  t h e  the rmion ic  
d iode  s e n s o r .  Re in fo rc ing  wires were p l a c e d  i n  t h e  
h o l e s  and brazed  i n  p l a c e .  Enough of t h e  w i r e  
ex tended  o u t  t h e  t o p  of t h e  p o s t s  t o  mechan ica l ly  
h o l d  down t h e  mounting t abs  of t h e  emitter hous ing .  
For  added s t r u c t u r a l  i n t e g r i t y ,  t h e  w i r e  w a s  b razed  
t o  t h e  mounting t a b .  
Two new Lucalox bases, i n c o r p o r a t i n g  t h e  r e i n f o r c i n g  
wires, were p repa red  f o r  u se  i n  T - 2  and T-3. During 
re-assembly of t h e  T-3 u n i t ,  t h e  heater  developed a n  
o p e n - c i r c u i t  i n s i d e  t h e  c a s t i n g ,  r e q u i r i n g  t h e  
i 
7. 
3.1 
p r e p a r a t i o n  of  a new e n c a p s u l a t e d  h e a t e r  assembly.  
A t  t h i s  t i m e ,  t h e  W-3Re h e a t e r s  had been o b t a i n e d  and 
were used w i t h  0.012 i n c h  d i ame te r  rhenium e x t e r n a l  
leads.  The new heater e x h i b i t e d  good d u c t i l i t y  d u r i n g  
assembly and t h e  W-3Re/rhenium weld j o i n t  appeared  
sound. The T-2 u n i t  was re-assembled w i t h  i ts 
o r i g i n a l  pu re  t u n g s t e n  h e a t e r  a s s e m b l y  described 
p r e v i o u s l y .  
Both T-2 and T-3 were i n s t a l l e d  i n  t h e  Vacuum T e s t  
F a c i l i t y  and a r e  undergoing i n i t i a l  bake-out.  
Transducer  Frequency Response C h a r a c t e r i s t i c s  
The bas i c  problem f o r  a measuring sys t em c o n s i s t i n g  
o f  a p r e s s u r e  s o u r c e  and a p r e s s u r e  t r a n s d u c e r  connec ted  
by a s imple t u b e  ( F i g u r e  l a )  is t h a t  t h e  p i p i n g  sys tem 
is  h ighly  underdamped when t h e  sys t em is  des igned  f o r  
h igh  frequency r e sponse .  One of t h e  c o r r e c t i v e  
s t e p s  is t o  i n c r e a s e  t h e  damping by r e d u c i n g  t h e  p i p e  
d iameter .  T h i s  method, however, s e v e r e l y  lowers  t h e  
I 
n a t u r a l  f requency  of t h e  t r a n s d u c e r  a s s e m b l y .  I n  
p r a c t i c e  i t  is common t o  s o l v e  t h i s  problem by i n s t a l l i n g  
some t y p e  of "snubber" between t h e  p r e s s u r e  s o u r c e  
8 .  
and t h e  t r a n s d u c e r  t o  i n c r e a s e  t h e  damping and still  
p r o v i d e  t h e  t o t a l  f low area  r e q u i r e d  t o  m a i n t a i n  t h e  
d e s i r e d  n a t u r a l  frequency. 
A p o s s i b l e  model of such a snubber  is a group of 
p a r a l l e l  t u b e s  which connect t h e  p r e s s u r e  s o u r c e  t o  
t h e  p r e s s u r e  t r a n s d u c e r ,  The schematic o f  t h i s  model 
is shown i n  F i g u r e  lb, and t h e  e q u a t i o n s  A24 and A26, 
d e r i v e d  i n  Appendix A ,  p r e s e n t  t h e  n a t u r a l  f requency  
and damping r a t i o  terms. 
From e q u a t i o n s  A24 and A26 i t  w i l l  be n o t e d  t h a t  t h e  
v a r i o u s  terms w h i c h  a r e  used t o  c a l c u l a t e  t h e  n a t u r a l  
f requency  and t h e  damping c o e f f i c i e n t  have been 
grouped a c c o r d i n g  t o  t h e i r  a v a i l a b i l i t y .  For  t h e  
n a t u r a l  f requency  c a l c u l a t i o n  t h e  f irst  t e r m  is 
3Ap/A which inc ludes  t h e  v a l u e s  associated 
w i t h  t h e  t r a n s d u c e r .  Once t h i s  t e r m  is c a l c u l a t e d  
fo r  a p a r t i c u l a r  t r a n s d u c e r ,  i t  need  n o t  be changed 
fo r  any a p p l i c a t i o n  problem. The second group is 
r e p r e s e n t a t i v e  o f  t h e  f l u i d  (,%)to be measured and 
i s  a l s o  f i x e d  for  a given a p p l i c a t i o n .  The l a s t  
9. 
term d - c o n t a i n s  t h e  v a r i a b l e s  c o n n e c t i n g  t h e  
p r e s s u r e  s o u r c e  t o  t h e  t r a n s d u c e r .  T h i s  term must 
c 
be a d j u s t e d  t o  meet t h e  f requency  r e sponse  r e q u i r e -  
ment s .  
S i m i l a r l y ,  t h e  damping c o e f f i c i e n t ,  e q u a t i o n  A 2 6 ,  
c o n t a i n s  three s i m i l a r  terms: 
F i g u r e s  2 and 3 a r e  g r a p h i c a l  r e p r e s e n t a t i o n s  of t h e  
n a t u r a l  frequency and damping c o e f f i c i e n t s  based on  
t h e  above selected terms for t h e  80 ps ia  t r a n s d u c e r  
b e i n g  c o n s t r u c t e d .  A s  a n  a i d  t o  s e l e c t i n g  t h e  parameter 
r a n g e ,  Table 1 was p repa red  t o  p r o v i d e  t y p i c a l  v a l u e s .  
Tab le  1 should a l so  be h e l p f u l  i n  d e m o n s t r a t i n g  t h e  
dimensional  u n i t s  used i n  these e q u a t i o n s .  
A s  a sample of how t h i s  d a t a  c a n  be used ,  an example 
w i l l  now be p r e s e n t e d .  L e t  u s  assume t h a t  t he  p i p i n g  
sys t em is to  have a n a t u r a l  f requency  of 500 cps ,  a 
10. 
E w 
d w rn 
!2 
53 
' b  
In 
GLC) 
1 1  
0 0  
rld 
X X  
0 0 0  
t D d  
@a 
. .  
CVcu 
I I  
00 
d d  
X X  
bln 
Q,Q, 
0 .  
w 
I *  
01 
40 
d 
X 
X * 
Q,Q, . .  
*a 
ma0 
dd  
. .  
b 
b l  
I O  
O d  
r( 
X x 
d 
cov 
CVO 
. .  
lnln 
I I  
00 
rld 
x x  
mQ, 
bln 
m 
. .  
V U  
00 
0 
d 
0 0  
k 
Q) 
c, 
In 
I 
C 
A 
X 
02 co 
cu 
I 
0 
r-l 
X 
t- 
In 
M 
I 
0 
d 
X 
t- 
cv 
rl 
0 cv 
(D 
N 
t- 
I 
0 
d 
X 
* * 
CV 
. 
10 
I 
0 
d 
X 
d 
In 
0 
V 
0 
+I 
k 
I 
u 
k 
Q) 
E 
0 
tc 
I 
0 
d 
X 
a 
b 
* 
I 
0 
d 
X 
Tr 
m 
b 
I 
0 
d 
X 
(D 
d 
rl 
Tr 
N 
0 
0 
Q, 
I 
0 
d 
x 
L3 
N 
b 
I 
0 
d 
X 
b 
m 
. 
u 
Q, 
In 
0 
k 
4 
-4 
(u 
I 
0 
X 
a0 
b 
rl 
cu 
I 
0 
d 
X 
Q, 
Tr 
I 
0 
d 
X 
4 
W 
00 
(0 
d 
* 
1 
0 
d 
X 
b 
N 
I 
0 
d 
X 
0 
d 
. 
d 
4 
O d  
(d 
Q E  
D -4 
3 E  
A 0  z 
h *  
>I3 
( d e  
@Cr: 
3: 
0 
I 
0 
d 
X 
b 
Tr 
cv 
. 
N 
I 
0 
rl 
X 
W 
Tr 
I 
0 
rl 
X 
m 
(D 
r( 
m 
d 
. 
tD 
I 
0 
d 
X 
m co 
* 
I 
0 
d 
X 
d 
Q, 
11. 
damping c o e f f i c i e n t  o f  0.05 and a t u b e  l e n g t h  o f  1 
i n c h  from p r e s s u r e  s o u r c e  t o  p r e s s u r e  t r a n s d u c e r ;  
and t h a t  t h e  f l u i d  is l i q u i d  po ta s s ium w i t h  a d e n s i t y  
of 0.63 x 10-4 lb - sec2 / in4  and a v i s c o s i t y  o f  0.63 x 
lb-sec/ in2.  
From Figure  2 ,  u s i n g  4- 0.63 x 
t h e  v a l u e  o f  d’Vr = 0.17. S i m i l a r l y ,  from F i g u r e  3 
f o r  iu = = 7.94 x and h = 0.05, 
and f n  = 500 c p s ,  
-_- 
N 
0*63 10-6d4 
G s . 6 3  x 10- 
t h e  v’a/lue of  r rk  1 = 7 . 5  x 103. 
S i n c e  t h e  t ube  l e n g t h  is 1 inch, t h e s e  r e l a t ions  r e d u c e  
t o :  
?+ dv% = 0.17 o r  d = 
and 1 = 7 . 5  x 103 
d3 fl 
By s u b s t i t u t i o n ,  v a l u e s  f o r  d and N may be o b t a i n e d  
d3 = 4.9 x 10-3 
and N = (7.5 x lo3)  (4 .9  x 10-3) 37 
12. 
T h i s  problem demons t r a t e s  how t h e  m u l t i t u b e  p r e s s u r e  
t r a n s m i s s i o n  model a l l o w s  a s o l u t i o n  which s a t i s f i e s  
bo th  t h e  n a t u r a l  f requency  and damping r a t i o  r e q u i r e -  
ments.  With t h i s  s o l u t i o n ,  t h e  phase  a n g l e  and 
a t t e n u a t i o n  v a l u e s  can  be  determined from s t a n d a r d  
c u r v e s  such  a s  p r e s e n t e d  i n  F i g u r e s  4 and 5. 
As a check on t h e  assumption t h a t  t h e  mass o f  t h e  
t r a n s d u c e r  is n e g l i b i b l e  and t h e r e f o r e  can  be n e g l e c t e d ,  
t h e  t r a n s d u c e r  n a t u r a l  f requency c a n  be computed by 
t h e  fo l lowing :  
--- __I--- 
F o r  o u r  c a s e ,  
A P  = 80 p s i  
&lV = / r ( l . 7 l 2  = 2.27 x i n 3  
4 
A = 7;'(1.7)2 = 2.27 i n 2  
M~ = 0.84 x 10-3 Ib - sec2 / in  (assuming W-25Re m a t e r i a l )  
4 
and f n  = 2340 c p s  
13. 
T h i s  frequency f o r  t h e  transducer  is enough above 
500 c p s  s o  t h a t  t h e  above assumptions a r e  j u s t i f i e d .  
However, t h e  transducer  would become t h e  l i m i t i n g  
factor i f  p i p i n g  f r e q u e n c i e s  close to  t h e  t ransducer  
natura l  frequency were to be c o n s i d e r e d .  
14 .  
4.0 Metal-Ceramic S e a l  Eva lua t ion  
The metal-ceramic j o i n i n g  t e c h n i q u e  proposed fo r  u s e  
i n  t h e  t r a n s d u c e r  was t e s t e d  t o  f a i l u r e  a s  d e s c r i b e d  
i n  t h e  F i f t h  Q u a r t e r l y  Report  (Reference  1). The 
tes t  sample c o n t a i n e d  seals  between Lucalox and 
Nb-1Zr. The Lucalox was m e t a l l i z e d  w i t h  a t u n g s t e n /  
y t t r i a  compound and brazed w i t h  a n icke l /n iobium/  
t i t a n i u m  a l l o y .  A s k e t c h  o f  t b e  test  s ea l  s e c t i o n  
a f t e r  test  is shown i n  F i g u r e  6 .  
The s e a l  was p u t  on test i n  t h e  Vacuum T e s t  F a c i l i t y  
w i t h  an  a d a p t i o n  t o  permit  t h e  a p p l i c a t i o n  o f  i n t e r n a l  
p r e s s u r e .  The p r e s s u r e  w a s  developed u s i n g  h i g h  
p u r i t y  a rgon .  
The l i f e  t e s t i n g  was conducted i n  a series of step 
i n c r e a s e s  o f  i n t e r n a l  p r e s s u r e  a f t e r  t h e  assembly had 
been brought  t o  1800'F and leak-checked a t  t h e  10-9 
t o r r  l e v e l  by moni tor ing  t h e  Vacuum T e s t  F a c i l i t y  
p r e s s u r e .  P r i o r  t o  these  tests, t h e  s e a l  was 
p r e s s u r e  c y c l e d  between 0-500 p s i a  a t  room t e m p e r a t u r e ,  
500, 1000, 1200, 1400, 1600 and 1800'F. 
15. 
The e x t e n d e d  l i f e  t e s t i n g  sequence was a s  f o l l o w s :  
1000 hours  a t  500 p s i a  
100 " I' 600 p s i a  
100 'I " 700 p s i a  
100 " I' 800 p s i a  
100 I' I' 900 p s i a  
1000 " 1000 p s i a  
A t  t h e  end of t h e  ex tended  l i f e  test  t h e  sea l  w a s  
s t i l l  i n t a c t  and p r e p a r a t i o n s  were be ing  made t o  
r a i se  t h e  t empera tu re  above 1800'F when t h e  
p r e s s u r i z i n g  t u b e  f a i l e d .  
As seen  i n  F i g u r e  6 t h e  f a i l u r e  o c c u r r e d  i n  t h e  
d i s t e n d e d  p r e s s u r i z i n g  t u b e  w h i c h  had been re- 
c r y s t a l l i z e d  by t h e  he l i a r c  weld ing .  The sea l  was 
removed from t h e  t e s t  f i x t u r e  and m i c r o s c o p i c a l l y  
examined. The l o c a t i o n  of t h e  leak was de termined  
by helium leak check and t h e n  p i n - p o i n t e d  by i n t e r n a l  
pressure and soap bubble  t e c h n i q u e .  
The two bulged end p l a t e s  and d i s t e n d e d  t u b e  were 
measured t o  de termine  t h e  amount o f  movement which 
16. 
.' 
had t a k e n  p l a c e .  The c e n t e r  of t h e  lower end p l a t e  
had been d i s p l a c e d  0.010 inch .  The uppe r  end p l a t e  
w i t h  welded t u b e  had been d i s p l a c e d  0.022 inch .  The 
p r e s s u r e  t u b e  had d i s t ended  i n  t h e  r e c r y s t a l l i z e d  
area from 0.090 i n c h  OD t o  0.107 i n c h  OD. Its w a l l  
t h i c k n e s s  w a s  t h i n n e d  i n  t h e  area o f  f a i l u r e  from 
0.007 t o  0.003 i n c h .  
4.1 Meta l log raph ic  Ana l y s i s  
The s ea l  was s e c t i o n e d  and p repa red  f o r  m e t a l l o g r a p h i c  
examinat ion .  Photomicrographs were t a k e n  of v a r i o u s  
areas of t h e  s e c t i o n .  
The areas o f  t h e  sea l  t h a t  are shown i n  t h e  photomicro- 
g raphs  a re  i n d i c a t e d  i n  F i g u r e  6 .  The photomicrographs  
are shown i n  F i g u r e s  7 t o  19 i n c l u s i v e .  They have 
been a r r a n g e d  i n  4 groups a s  i n d i c a t e d  i n  T a b l e  2. 
The photomicrographs of t h e  metal-ceramic i n t e r f a c e  
of t h e  upper  end p l a t e  a re  shown i n  F i g u r e s  7 t o  13 
and r e p r e s e n t  areas I and I1 of F i g u r e  6 .  The Nb-1Zr 
end p l a t e  is shown w i t h  a p o r t i o n  of t h e  bonded Lucalox 
on  each  s i d e .  The Lucalox a p p e a r s  black i n  t h e  pho tos .  
17. 
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I n  t r a v e r s i n g  from Lucalox t o  t h e  Nb-1Zr member t h e  
f o l l o w i n g  s e a l  components a r e  p r e s e n t :  
1. Lucalox 
2.  Tungsten m e t a l l i z i n g  
3. G l a s s  and c r y s t a l  i n c l u s i o n s  
4. Reac t ion  zone between t u n g s t e n  m e t a l l i z i n g  and 
Nb-1Zr 
5. Nb-1Zr 
Area I11 is r e p r e s e n t e d  i n  F i g u r e  14  which shows t h e  
c e n t r a l  p o r t i o n  of t h e  lower end p l a t e  bu lged  0.010 
i n c h  d u r i n g  t e s t .  
F i g u r e s  1 5  and 19 show photomicrographs of Area IV as  
i n d i c a t e d  i n  F i g u r e  6. 
A s  i n  Area I ,  a r e a  I V  shows t h e  Nb-1Zr  b razed  between 
t h e  t w o  Lucalox m e m b e r s .  F i g u r e s  16  and 17 i n  
p a r t i c u l a r  show t h e  metal-ceramic j o i n t  a t  t h e  
i n s i d e  s u r f a c e s  of t h e  t w o  lower Lucalox r i n g s .  They 
a r e  a d j a c e n t  f i e l d s ,  and if p l a c e d  t o g e t h e r  a t  
reference marks, form a c o n t i n u o u s  pho to .  
19. 
F i g u r e s  1 7  and 19 show p o r t i o n s  of F i g u r e  15 a t  200 X 
and 500 X m a g n i f i c a t i o n ,  r e s p e c t i v e l y .  F i g u r e  19 was 
p r i n t e d  b y  "dodging" o r  s h a d i n g  t h e  n e g a t i v e  d u r i n g  
p r i n t i n g  so as  t o  r e v e a l  t h e  s t r u c t u r e  o f  t h e  Luca lox  
a s  w e l l  a s  t h a t  of t h e  metal. T h i s  p a r t i c u l a r  s e c t i o n  
w a s  selected for  t h e  X-ray microprobe t r a v e r s e  
d e s c r i b e d  i n  a l a te r  s e c t i o n  of  t h i s  r e p o r t .  
By comparing t h e  r e l a t i v e  g r a i n  sizes of t h e  Nb-1Zr  
t u b e  p l a t e  ( F i g u r e s  10 and 12) and b lank  end  p l a t e  
( F i g u r e  1 4 )  i t  is s e e n  t h a t  there is a marked d i s p a r i t y  
between t h e  t w o  pieces. The g r a i n  s ize  i n  t h e  blank 
end p l a t e  ( F i g u r e  14)  is non-uniform bu t  f a l l s  i n  t h e  
r a n g e  0,001 t o  0.008 i n c h  diameter. On t h e  other 
hand, i n  t h e  t u b e  p l a t e  ( F i g u r e s  10 and 12) the  
g r a i n s  a r e  so e n l a r g e d  t h a t  t h e  0.018 i n c h  t h i c k  
N b - 1 Z r  sheet i s  e s s e n t i a l l y  one  g r a i n  t h i c k .  However, 
there are a f e w  much s m a l l e r  g r a i n s  on  one s u r f a c e  
of t h e  metal. The e n l a r g e d  g r a i n  growth is c o n s i d e r e d  
t o  have o c c u r r e d  d u r i n g  t h e  h e l i a r c  we ld ing  of t h e  
t u b e  t o  t h e  t u b e  p l a t e .  The l a y e r  of smal l  g r a i n s  is 
due t o  t h e  p r e s e n c e  of s u r f a c e  c o n t a m i n a t i o n ,  
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probably  oxygen, which e x e r t e d  an i n h i b i t i n g  effect  
on g r a i n  growth. The s m a l l e r  o v e r a l l  g r a i n  s ize  i n  
t h e  blank end p l a t e  presumably o c c u r r e d  d u r i n g  
a n n e a l i n g  when b r a z i n g  t h e  assembly. 
The s t r u c t u r e  of t h e  a c t u a l  metal-ceramic j o i n t s  is 
rather complex. The l a y e r s  a d j a c e n t  t o  t h e  Lucalox  
( t h e  Lucalox a p p e a r s  black i n  a l l  t h e  F i g u r e s  e x c e p t  
F i g u r e  19) o r i g i n a l l y  c o n s i s t e d  o f  a t u n g s t e d y t t r i a  
powder mix tu re ,  which was f i r e d  o n t o  t h e  Lucalox.  
The N b - 1 Z r  was t h e n  brazed w i t h  t h e  Ni /Nb/Ti  b r a z i n g  
a l loy .  Photomicrographs of t h e  r e s u l t a n t  j o i n t s  
show t h a t  n e a r l y  a l l  t h e  y t t r i a  has migrated o u t  of 
t h e  o r i g i n a l l y  porous  t u n g s t e n  s t r u c t u r e  and t h a t  
t h e  b r a z i n g  a l l o y ,  o r  c e r t a i n  e l e m e n t s  c o n t a i n e d  i n  
it, f i l l e d  t h e  r e s u l t i n g  v o i d s  i n  t h e  t u n g s t e n .  There 
is some i n d i c a t i o n  t h a t  t h e  b r a z i n g  a l l o y  a l s o  
p e n e t r a t e d  t h e  Nb-1Zr s u b s t r a t e  for  a short  d i s t a n c e ,  
i n  t h e  order of 0.001 to 0.002 i n c h ,  p r i m a r i l y  a l o n g  
t h e  g r a i n  boundar i e s .  A t  t h e  same t i m e  or  s h o r t l y  
afterwards,  there appears  t o  have been a r e a c t i o n  
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between t h e  r e s i d u a l  b r a z i n g  a l l o y  and t h e  y t t r i a  
which  had mig ra t ed  t o  t h e  s u r f a c e  of t h e  t u n g s t e n  t o  
form a complex g l a s s ,  o r  m i x t u r e  of glasses. T h i s  
g l a s s y  layer  t h e n  a p p e a r s  t o  have p e n e t r a t e d  t h e  
g r a i n  boundar i e s  of t h e  N b - 1 Z r  i n  t h e  wake of t h e  
b raz ing  a l l o y ,  i n  such  a way a s  t o  form a n e a r l y  
con t inuous  l a y e r  between t h e  m e t a l l i z i n g  and t h e  
Nb-1Zr .  I t  a l s o  seems from t h e  s i n u o u s  shape of t h e  
Lucalox/ tungs ten  i n t e r f a c e  t h a t  t h e  t u n g s t e d y t t r i a  
m e t a l l i z i n g  s i n t e r  conformed to  t h e  s u r f a c e  of t h e  
Lucalox, e r o d i n g  i t  i n t o  a series of small  d e p r e s s i o n s .  
These d e p r e s s i o n s  do n o t  appea r  t o  be associated w i t h  
t h e  g r a i n  boundar i e s  of t h e  Lucalox (See F i g u r e  19). 
T h e r e f o r e  t h e  metal-ceramic sea l  c o n s i s t s  of a 
series o f  i n t e r l o c k i n g  or  d o v e t a i l i n g  l aye r s  which 
f o r m  a s e a l  of e x c e p t i o n a l  i n t e g r i t y  and s t r e n g t h .  
I n  a d d i t i o n  there is  e v i d e n c e  of d i f f u s i o n ,  p robab ly  
of oxygen, from t h e  g l a s s  l a y e r  i n t o  t h e  N b - 1 Z r  
s u b s t r a t e .  The d i f f u s i o n  of t h e  b r a z i n g  a l l o y  and 
t h e  c o n s t i t u e n t s  of t h e  y t t r i a  i n t o  t h e  t u n g s t e n  
m e t a l l i z i n g  caused  de l ta -shaped  " i s l a n d s " ,  g r a i n  
boundary networks,  and p o s s i b l y  a f i n e  p r e c i p i t a t e  
w i t h i n  t h e  t u n g s t e n  g r a i n s .  A f e w  rough ly  s p e r i c a l  
" i s l a n d s "  of y t t r i a  also remain t r a p p e d  w i t h i n  t h e  
t u n g s t e n  l a y e r .  
The layer  of  g l a s s  i n  some p l a c e s  a p p e a r s  t o  c o n s i s t  
of several  phases .  
The s t r u c t u r e  of t h e  s e a l  shows an  e x c e s s i v e  amount 
of g l a s s .  S i n c e  t h i s  seal  w a s  o n l y  examined af ter  
2400 t e s t  hour s  a t  1800°F, it  is no t  p o s s i b l e  t o  
de te rmine  t h e  cause  and e x t e n t  of t h e  d i f f u s i o n  of 
t h e  d i f f e r e n t  phases.  D i f f u s i o n  of some k i n d  c o u l d  
have t a k e n  p l a c e  dur ing  e i ther  t h e  m e t a l l i z i n g ,  t h e  
b r a z i n g  o p e r a t i o n ,  or t h e  l i f e  t e s t .  
E x p l a n a t i o n  of t h e  s t r u c t u r e  is ra ther  d i f f i c u l t  i n  
v i e w  of t h e  f a c t  t h a t  much of t h e  d i f f u s i o n  mechanism 
c o n s i s t e d  of a l i q u i d  o r  v i s c o u s  phase  p e r c o l a t i n g  
th rough  a porous  s t r u c t u r e ,  and i n f i l t r a t i o n  i n  t h e  
o p p o s i t e  d i r e c t i o n  by a l i q u i d  a l l o y .  
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I n  a l l  t h e  s e c t i o n s  of t h i s  s ea l  examined, no 
evidence was observed  of c r a c k i n g ,  s e p a r a t i o n ,  p e e l i n g  
o r  e x f o l i a t i o n  of any of t h e  l a y e r s  compr i s ing  t h e  
s ea l .  Most noteworthy are t h e  s e c t i o n s  i l l u s t r a t e d  
i n  F igu res  1 6  and 17 which  show t h e  bo rde r  of t h e  
m e t a l l i z i n g  a t  t h e  i n n e r  f a c e  of t h e  Lucalox r i n g s .  
The m e t a l l i z i n g  a t  these borders was s u b j e c t e d  t o  
t h e  most s e v e r e  stress, so much so  t h a t  t h e  N b - 1 Z r  
b lank  end d i s c  bulged under  t h e  t e s t  p r e s s u r e  w i t h -  
o u t  caus ing  t h e  m e t a l l i z i n g  to  p e e l  or crack. 
4.2 X-Ray Microprobe A n a l y s i s  
An X-ray microprobe a n a l y s i s  was performed o n  a 
section selected t o  g i v e  optimum a n a l y s i s  of t h e  
p h a s e s  observed i n  t h e  photomicrographs.  The trace 
t r a v e r s e  co r re sponds  t o  t h e  v e r t i c a l  l i n e  shown on  
F i g u r e  19 running  from Lucalox t o  N b - 1 Z r .  The traces 
g i v e n  i n  F i g u r e s  20 t o  22 have been d i s p l a y e d  so t h a t  
t h e  r i g h t  hand s i d e  o f  t h e  t race c o r r e s p o n d s  t o  t h e  
top  o f  t h e  l i n e  i n d i c a t e d  i n  F i g u r e  19. 
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The e l emen t s  a n a l y z e d  for  were W, N b ,  N i ,  A l ,  Y, and 
T i .  An a c c e l e r a t i n g  p o t e n t i a l  of e i t h e r  25 o r  30 k i l o -  
v o l t s  was used.  With  a carbon-covered specimen,  t h e  
c u r r e n t  was 0.05 microampere. The v a r i a t i o n s  i n  
a n a l y s i s  across t h e  s e c t i o n  were recorded c o n t i n u o u s l y ,  
w i t h  marker p u l s e s  being recorded a t  20 micron 
i n t e r v a l s .  
The trace i n  F i g u r e  20 w a s  recorded u s i n g  a l i t h i u m  
f l u o r i d e  c r y s t a l  a t  25 k i l o v o l t s  a c c e l e r a t i n g  p o t e n t i a l .  
The traces shown i n  F igu res  21 and 22 were recorded 
u s i n g  an  ADP (ammonium di-hydrogen phospha te )  c r y s t a l  
w i t h  a 4" r a d i u s  a t  30 k i l o v o l t s  a c c e l e r a t i n g  p o t e n t i a l .  
A n e g a t i v e  p r i n t  from a photomicrograph r e p r e s e n t i n g  
t he  same area t r a v e r s e d  by t h e  beam is shown i n  each 
f i g u r e ,  t h e  photographs be ing  l i n e d  up a s  c l o s e l y  a s  
p o s s i b l e  w i t h  t h e  microprobe trace.  The upper  edge 
of t h e  p r i n t  r e p r e s e n t s  t h e  l i n e  a c t u a l l y  t r a v e r s e d .  
An e x a c t  match was not feasible  s i n c e  t h e  traces and 
photograph  had t o  be e n l a r g e d  or  r educed  f o r  repro- 
d u c t i o n .  The portions of t h e  microprobe  traces shown 
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a t  t h e  r i g h t  hand s i d e  of each t r a c e  w i l l  be d i s c u s s e d  
i n  g r e a t e r  d e t a i l  a s  t h e y  r e p r e s e n t  t h e  s t a r t  of t h e  
t r a v e r s e  which  a p p e a r s  i n  F igu re  19. The o p p o s i t e  
ends  of t h e  t r a c e s  a r e  s i m i l a r  i n  form bu t  n o t  i den -  
t i c a l ,  and do no t  appear i n  F i g u r e  19. 
Each t r a c e  is indexed w i t h  a l i n e  marked "edge", which 
r e p r e s e n t s  t h e  i n t e r f a c e  between t h e  Lucalox and t h e  
m e t a l l i z i n g ,  a l s o  a "background l e v e l "  fo r  t h e  element  
b e i n g  analyzed.  The h e i g h t  of t h e  t race  above t h e  
"background l e v e l "  i n d i c a t e s  t h e  r e l a t i v e  amount of 
t h e  element p r e s e n t .  The marker p u l s e s  were masked 
o f f  du r ing  r e p r o d u c t i o n  o f  t h e  traces,  bu t  each 
major  d i v i s i o n  of t h e  t race  r e p r e s e n t s  20 microns ,  o r  
5 major d i v i s i o n s  r e p r e s e n t  approx ima te ly  0.004 i n c h .  
I n  some p l a c e s  where t h e  material  is known t o  be of 
e s s e n t i a l l y  c o n s t a n t  composi t ion ,  e .g . ,  i n  t h e  c e n t e r  
of t h e  Nb-1Zr  m e m b e r ,  some peaks and v a l l e y s  are 
observed.  These  a r e  not  peaks  r e p r e s e n t i n g  a change 
i n  composi t ion ,  bu t  are t o p o g r a p h i c  f e a t u r e s  caused  
by d i s c o n t i n u i t i e s  i n  t h e  s u r f a c e  s u c h  as pits, g r a i n  
boundar ies ,  e t c  . 
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The t r a c e s  of t h e  d i f f e r e n t  l a y e r s  compr i s ing  t h e  
s e a l  w i l l  be d i s c u s s e d  s e p a r a t e l y  i n  t h e  f o l l o w i n g  
pa rag raphs .  
a .  Lucalox L a y e r  
I t  is s e e n  from a l l  6 t r a c e s  t h a t  there is a 
s h a r p  demarca t ion  be tween t h e  Lucalox and t h e  
m e t a l l i z i n g .  E x c e p t  fo r  a s m a l l  T i  peak ,  w h i c h  
is probably  topograph ic ,  there is no e v i d e n c e  
of d i f f u s i o n  of any of t h e  e l emen t s  i n v e s t i g a t e d  
i n t o  t h e  Lucalox beyond t h e  metal /Lucalox i n t e r -  
f a c e ,  a l though  t h e  photomicrograph shows irreg- 
u l a r  a t t a c k  of t h e  Lucalox by t h e  m e t a l l i z i n g .  
b. Tungsten M e t a l l i z i n g  L a y e r  
The traces show t h e  major  e l emen t s  p r e s e n t  a r e  
W ,  N b ,  and N i .  T h e r e  i s  a remarkable  s i m i l a r i t y  
i n  t h e  shapes  of t h e  W ,  N b ,  and N i  t races  which 
s u g g e s t  an a l l o y  of e s s e n t i a l l y  uni form composi- 
t i o n ,  i .e . ,  a s o l i d  s o l u t i o n .  Two s h a r p  A 1  and 
Y peaks  are p r e s e n t  which presumably c o u l d  
r e p r e s e n t  t h e  two rounded p a r t i c l e s  of g l a s s  
observed  i n  t h e  photomicrograph of t h e  t u n g s t e n  
layer  (see Figure  19). T i  is p r e s e n t  i n  s m a l l  
q u a n t i t i e s .  
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c .  Glass Layer 
This  l ayer ,  which is t h e  major component of t h e  
r e a c t i o n  zone,  a p p e a r s  t o  be composed o f  a h i g h  
p r o p o r t i o n  of aluminum o x i d e ,  s i n c e  t h e  peaks  are 
q u i t e  h igh  i n  comparison t o  t h e  Lucalox peak,  
which r e p r e s e n t s  e s s e n t i a l l y  pu re  Al2O3. 
peaks  a r e  a l s o  p r e s e n t  fo r  N b ,  T i ,  N i ,  and Y 
i n d i c a t i n g  t h a t  these e l e m e n t s  a r e  localized i n  
S t e e p  
t h e  g l a s s  a r e a  i n  a non-uniform manner. 
Although a p e n e t r a t i o n  zone can  be s e e n  between 
t h e  g l a s s  l a y e r  and t h e  N b - 1 Z r  i n  t h e  photomicro- 
g raphs ,  t h e  microprobe traces do n o t  i n d i c a t e  
d i f f u s i o n  of any of t h e  e l emen t s  ana lyzed  from 
t h e  g l a s s  l a y e r  i n t o  t h e  N b - 1 Z r .  
The p e n e t r a t i o n  zone might be caused  by t h e  
p e n e t r a t i o n  of oxygen i n t o  t h e  N b - 1 Z r .  
A large number of t e s t  m e l t s  have been made where 
Ni/Nb/Ti a l l o y s  have been melted i n  s m a l l  c r u c i b l e s  
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of N b - 1 Z r  a l l o y .  I n  each c a s e ,  m e t a l l o g r a p h i c  
examinat ion  showed t h a t  t h e  mol ten  a l l o y s  had 
a t t a c k e d  t h e  N b - 1 Z r  c r u c i b l e  w i t h  l i t t l e  o r  no 
ev idence  of i n t e r g r a n u l a r  a t t a c k .  
However, t h e  photomicrographs p r e s e n t e d  i n  t h i s  
r e p o r t  i n d i c a t e  t h a t  t h e  N b - 1 Z r  s u b s t r a t e  h a s  been 
attacked p r i m a r i l y  i n  an i n t e r c r y s t a l l i n e  manner by 
t h e  g l a s s  formed i n  t h e  m e t a l l i z i n g  o p e r a t i o n .  
I t  would appear  t h a t  t h e  p r e s e n c e  of the  oxygen 
e x e r t e d  a marked e f f e c t  on t h e  a b i l i t y  of  t h e  Ni/Nb/Ti 
a l loy  t o  a t t a c k  t h e  Nb-1Zr  s u b s t r a t e .  I t  is f e l t  
t h a t  t h e  Nb-1Zr  s u b s t r a t e  was attacked by oxygen, 
p r i m a r i l y  a long  t h e  g r a i n  boundar i e s ,  and t h a t  t h e  
Ni/Nb/Ti a l l o y  t h e n  a t t a c k e d  t h e  s u b s t r a t e ,  f o l l o w i n g  
t h e  oxygen-r ich p a t h s  provided  by t h e  g r a i n  b o u n d a r i e s .  
The r e s u l t  was t o  produce i n t e r g r a n u l a r  p e n e t r a t i o n  
of t h e  s u b s t r a t e  for  a s h o r t  d i s t a n c e  by t h e  g l a s s y  
phase.  T h i s  p e n e t r a t i o n  w a s  n o t  of such  an  e x t e n t  
t o  be harmful  bu t  served t o  bind t h e  l a y e r s  t o g e t h e r .  
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5.0 C o m p a t i b i l i t y  T e s t  Program 
During t h e  r e p o r t  p e r i o d ,  po ta s s ium c o m p a t i b i l i t y  
t e s t i n g  was completed on  t h e  f o u r  s i n g l e  c o n v o l u t i o n  
t e s t  c a p s u l e s  o f  C-l29Y, FS-85, T-222 and W-25Re a l l o y  
and t h e  one test  c a p s u l e  c o n t a i n i n g  f o u r  r e p r e s e n t a -  
t i v e  e l e c t r i c a l  t e r m i n a l s .  The test  c o n s i s t e d  o f  
f i v e  100-hour c y c l e s  a t  1800'F ( abou t  80 p s i a  
potass ium vapor  p r e s s u r e ) .  No po tas s ium l e a k a g e  w a s  
observed d u r i n g  t h e  t e s t .  Examinat ion o f  t h e  t es t  
c a p s u l e s  a f t e r  comple t ion  of t h e  t e s t  showed no 
v i s i b l e  s i g n s  of f a i l u r e .  
The potassium was removed from t h e  t e s t  c a p s u l e s  
i n s i d e  a vacuum purged (10-5 t o r r )  we ld ing  chamber 
b a c k - f i l l e d  w i t h  h i g h - p u r i t y  hel ium. The t o p s  o f  t h e  
t e s t  c a p s u l e s  were c u t  o f f  and t h e  c a p s u l e s  were 
h e a t e d  t o  150-200'F. The po ta s s ium was d r a i n e d  from 
each t e s t  c a p s u l e  i n t o  a p l a t i n u m  d i s h  and ,  upon 
removal from t h e  chamber, c o n v e r t e d  t o  KC . 
To remove t h e  r e s i d u a l  po ta s s ium from t h e  tes t  
c a p s u l e s ,  t h e  d r a i n e d  c a p s u l e s  were s e a l e d  i n s i d e  a 
s t a i n l e s s  s tee l  d i s t i l l a t i o n  chamber. The d i s t i l l a t i o n  
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chamber was removed from t h e  weld ing  chamber and 
evacuated  t o  t o r r .  The bottom h a l f  o f  t h e  
d i s t i l l a t i o n  chamber was h e a t e d  t o  800'F and t h e  
r e s i d u a l  po tass ium was c o l l e c t e d  on  a n  a i r - c o o l e d  
f i n g e r  a t  t h e  t o p  of t h e  d i s t i l l a t i o n  chamber. The 
t es t  c a p s u l e s  were heated i n  t h i s  manner f o r  72 hours ,  
d u r i n g  which t i m e  t h e  p r e s s u r e  remained a t  about  10-5 
t o r r .  
Upon removal from t h e  d i s t i l l a t i o n  chamber, a l l  f i v e  
t e s t  c a p s u l e s  were found t o  be coated e x t e r n a l l y  w i t h  
a da rk  g ray  f i l m .  Much of t h i s  dark f i l m  appeared  t o  
be wa te r - so lub le  and was probably  caused  by condensa- 
t i o n  of potass ium vapor d u r i n g  t h e  d i s t i l l a t i o n  
p r o c e s s .  
Examinat ion o f  t h e  Tes t  Capsules  
The t es t  c a p s u l e  c o n t a i n i n g  t h e  e lec t r ica l  t e r m i n a l s  
was opened first.  Th i s  was done by machining off t h e  
w e l d  bead around t h e  r i m ,  e x t r a c t i n g  t h e  t e r m i n a l s ,  
and t h e n  s e c t i o n i n g  both t h e  c a p s u l e  and t h e  upper  
t u b e  by sawing  them l o n g i t u d i n a l l y .  
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The four p r e s s u r e  c o m p a t i b i l i t y  c a p s u l e s  were nex t  
s e c t i o n e d  by removing t h e  c a p s u l e s  from t h e  upper  
tube ,  and t h e n  s e c t i o n i n g  t h e  p r e s s u r e  c a p s u l e s  w i t h  
a water-cooled cu t -o f f  wheel .  The upper  t u b e s  were 
s e c t i o n e d  l o n g i t u d i n a l l y  by sawing w i t h  a band saw. 
The l o n g i t u d i n a l  s e c t i o n s  of t h e  f o u r  p r e s s u r e  
c o m p a t i b i l i t y  c a p s u l e s  appeared b r i g h t  and c l e a n ,  
w i t h  l i t t l e  or no ev idence  o f  any a t t ack  by t h e  
potassium, whereas t h e  i n s i d e  of t h e  c a p s u l e  c o n t a i n -  
i n g  t h e  t e r m i n a l s  w a s  blackened somewhat. When t h e  
v e r t i c a l  t u b e s  of t h e  p r e s s u r e  c o m p a t i b i l i t y  c a p s u l e s  
were s e c t i o n e d ,  t h e y  were a l so  found t o  be s l i g h t l y  
blackened.  I t  appea r s  l i k e l y  t h a t  t h e  black f i l m  
e x i s t e d  i n s i d e  t h e  p r e s s u r e  c a p s u l e s ;  bu t  be ing  water- 
s o l u b l e ,  t h e  f i l m  was removed by t h e  c o o l i n g  water 
used w i t h  t h e  c u t - o f f  wheel .  
F igu res  23 t o  27 show photographs  of t h e  f i v e  test 
c a p s u l e s  i n  t h e  "as s e c t i o n e d "  c o n d i t i o n .  F i g u r e  23 
shows t h e  t e r m i n a l  c a p s u l e  w i t h  one t e r m i n a l  i n  
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p o s i t i o n ,  t h e  o t h e r  three t e r m i n a l s  having been re- 
moved. I t  is  s e e n  t h a t  w h i l e  t h e  lower p a r t  o f  e a c h  
t e r m i n a l  c a v i t y  is b r i g h t  and c l e a n ,  t h e  hous ing  shows 
traces o f  a w h i t e  c o r r o s i o n  p roduc t  where t h e  Lucalox 
p o r t i o n  of t h e  t e r m i n a l  w a s  i n  c o n t a c t  w i t h  t h e  hous- 
i n g .  The upper  t u b e  shows a black c o r r o s i o n  p r o d u c t  
a l o n g  its l e n g t h .  
F i g u r e s  24  t o  27 show t h e  p r e s s u r e  c o m p a t i b i l i t y  
c a p s u l e s  a f t e r  s e c t i o n i n g .  I t  is s e e n  t h a t  i n  each 
case t h e  lower p o r t i o n s  of t h e  p r e s s u r e  c a p s u l e s  are 
c l e a n  and a lmost  free of c o r r o s i o n  w h i l e  t h e  upper  
p o r t i o n s  show small amounts o f  a b l ack  c o r r o s i o n  
p roduc t .  As described above, t h i s  b l a c k  c o a t i n g  c o u l d  
have been removed i n  some cases d u r i n g  s e c t i o n i n g  t h e  
c a p s u l e s  w i t h  a water-cooled c u t - o f f  wheel.  I n  t h e  
C-129Y c a p s u l e  (F igu re  24) and t h e  FS-85 c a p s u l e  
( F i g u r e  25 ) ,  t h e  boss i n  t h e  c e n t e r  of t h e  lower 
diaphragm was found t o  be pressure-welded t o  t h e  
l i m i t i n g  s t o p  a f t e r  t h e  t e s t  a t  1800'F. 
The c a p s u l e  c o n t a i n i n g  t h e  e l e c t r i c a l  t e r m i n a l s  was 
examined i m m e d i a t e l y  a f t e r  s e c t i o n i n g  l o n g i t u d i n a l l y ,  
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and then  photographed (see F i g u r e  23). The lower 
p a r t  of t h e  c a p s u l e  c o n t a i n i n g  t h e  e lec t r ica l  
t e r m i n a l s  was photographed a t  a h ighe r  m a g n i f i c a t i o n .  
(See F igu re  28) .  F i g u r e  28 shows t h a t  o n l y  t h e  upper  
p a r t  of each c a v i t y ,  which  c o n t a i n e d  one  t e r m i n a l ,  
was coa ted  on  t h e  i n s i d e  i n  v a r y i n g  degrees w i t h  a 
w h i t e  i n c r u s t a t i o n  of a s a l t - l i k e  mater ia l ,  p robab ly  
a potassium o x i d e ,  hydroxide or  c a r b o n a t e .  
B o t h  t h e  Lucalox and m e t a l  p a r t s  of t h e  t e r m i n a l s  
showed a frosted o r  etched appearance  compared w i t h  
t h e  "as r ece ived"  t e r m i n a l s .  Each one o f  t h e  f o u r  
t e r m i n a l s  tes ted showed l o n g i t u d i n a l  and  r a d i a l  
cracks i n  t h e  o u t e r  band of Lucalox.  (See  F i g u r e  25, 
Reference 2 )  
The f o u r  t e r m i n a l s  were t h e n  opened by machining o f f  
t h e  FS-85 c a p s  on t h e  lower ends  of t h e  t e r m i n a l s .  
Photographs of t h e  t e r m i n a l s  i n  t h i s  c o n d i t i o n  are 
shown i n  F i g u r e  29. Two of t h e  t e r m i n a l s  when opened 
were found t o  c o n t a i n  t h e  w h i t e  po ta s s ium compound 
observed  on t h e  o u t s i d e  of t h e  t e r m i n a l s .  A l l  f o u r  
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t e r m i n a l s  were t k n  h e l i u m  leak tested; three were 
found t o  be l e a k - t i g h t  and one t o  have a leak. O f  
t h e  three u n i t s  t h a t  were found t o  be l e a k - t i g h t ,  
one  was f i l l e d  w i t h  t h e  w h i t e  po ta s s ium compound. 
Apparent ly ,  t h e  electron-beam weld j o i n i n g  t h e  small 
cap t o  t h e  t e r m i n a l  leaked,  because t h e  po ta s s ium 
compound w a s  o n l y  p r e s e n t  i n  t h e  v e r y  bottom of t h e  
t e r m i n a l .  T h u s , i t  appears t h a t  three o u t  of t h e  f o u r  
t e r m i n a l s  were l e a k - t i g h t  a f t e r  t h e  t e s t ,  even  though 
t h e  o u t e r  band of Lucalox was cracked. 
The p r e s s u r e  c a p s u l e s  were mounted i n  p l a s t i c ,  p o l i s h e d  
w i t h  emery s t r i p s  and f i n e  diamond p a s t e .  They were then 
p o l i s h e d  by a l t e r n a t e l y  e t c h i n g  i n  "mixed acids" 
( e q u a l  p a r t s  HF, H2S04 and "03, d i l u t e d  1:l w i t h  
water) and hand p o l i s h i n g  on a wheel  charged w i t h  
f i n e  alumina and moistened w i t h  4% ammonium b i - f l u o r i d e  
s o l u t i o n .  I n  each case  t h e  FS-85 hous ing  around t h e  
c a p s u l e s  (or  t h e  molybdenum yoke around t h e  W-25Re 
c a p s u l e )  was removed by sawing p r i o r  t o  mounting. 
The yokes which had been welded across the  bottom of 
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t h e  hous ings  t o  l i m i t  t h e  d e f l e c t i o n  of t h e  c a p s u l e s  
were found t o  be p r e s s u r e  welded t o  t h e  small  bosses 
p r o j e c t i n g  from t h e  c e n t e r s  of t h e  lower diaphragms 
i n  t h e  c a s e  of t h e  C-129Y and FS-85 c a p s u l e s .  T h i s  
d i d  not  o c c u r  i n  t h e  T-222 and W-25Re c a p s u l e s .  
Examination of t h e  c r o s s - s e c t i o n s  of a l l  t h e  p r e s s u r e  
capsules a t  up t o  400 X m a g n i f i c a t i o n  showed no 
ev idence  of a t t a c k  a t  t h e  i n s i d e  of t h e  c a p s u l e s  by 
t h e  potassium. The on ly  abnormal f e a t u r e  found was 
t h a t  t h e  c a p s u l e  boss was p r e s s u r e  welded t o  t h e  yokes 
a s  desc r ibed  above. I n  a d d i t i o n ,  an  i n t e r g r a n u l a r  
c rack  was observed i n  t h e  o u t e r  s u r f a c e  of t h e  T-222 
capsu le .  T h i s  i n t e r g r a n u l a r  crack o r i g i n a t e d  i n  t h e  
radius  of t h e  i n t e r n a l  c o r n e r  between t h e  c e n t r a l  boss 
of the  lower diaphragm and t h e  diaphragm p r o p e r ,  and 
ex tended  inwards  a t  a 45' a n g l e  approx ima te ly  one- 
t h i r d  of t h e  way th rough  t h e  diaphragm. (See F i g u r e  
38). Apparent ly  a machining f a u l t  p r o v i d e d  a stress 
c o n c e n t r a t i n g  notch  i n  t h e  v i c i n i t y  of t h e  boss, 
caus ing  t h e  c r a c k .  
Photographs of  t h e  p r e s s u r e  c a p s u l e s  a t  3 X  magn i f i ca -  
t i o n  a r e  shown i n  F i g u r e s  30 t o  33. These f i g u r e s  
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show t h e  g e n e r a l  arrangement of t h e  p a r t s  i n  t h e  
p r e s s u r e  c a p s u l e s  and t h e  welds .  
The p r e s s u r e  c a p s u l e s  were n e x t  photographed a t  25X 
m a g n i f i c a t i o n .  I n  each case  t h e  area photographed 
comprised a s e c t i o n  of t h e  w e l d  j o i n i n g  t h e  diaphragm 
material t o  t h e  t u b e ,  and a l so  a p o r t i o n  of t h e  lower 
diaphragm o p p o s i t e  t h e  weld. I t  is s e e n  t h a t  i n  each 
case ( F i g u r e s 3 4  to37  ) there is no ev idence  of a t t a c k  
of e i the r  t h e  diaphragm material ,  t h e  t u b e ,  o r  t h e  
w e l d  nugget ,  which was composed of an  a l l o y  of  t h e  
t u b e  and diaphragm materials.  I n  t h e  case of t h e  
C-l29Y, FS-85 and T-222 c a p s u l e s  t h e  t u b e  w a s  FS-85, 
and i n  t h e  case o f  t h e  W-25Re c a p s u l e  i t  was Mo-5ORe. 
F i g u r e  38shows t h e  i n t e r g r a n u l a r  crack i n  t h e  T-222 
c a p s u l e  diaphragm. 
5.2 Potass ium A n a l y s i s  
The potass ium was analyzed before and a f t e r  t h e  com- 
p a t i b i l i t y  tests. The a s s a y  r e s u l t s  are summarized 
i n  Tab le  3 where t h e  l e f t  hand column shows t h e  
chemical a n a l y s i s  of t h e  po ta s s ium a t  t h e  s t a r t  of t h e  
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TABLE NO. .- 3 -- 
Potassium Analys is  Before and A f t e r  C o m p a t i b i l i t y  T e s t  
(Test  r u n  f o r  500 hour s  a t  1800°F and nominal 80 p s i a  p r e s s u r e )  
T-222 Element  
A g  
A 1  
Be 
Ca 
Cb 
co 
C r  
cu  
Fe 
Mg 
Mn 
Mo 
Na 
Ni 
Pb 
Si 
Sn 
T i  
V 
Z r  
0 
- 
W-25Re B e f o r e  T e s t  
E P T  - 
<1 
C l  
1 
< 1  
<1 
L1 
L1 
. r l  
d l  
4 
L l  
5 
41 
.:' 1 
5 
<1 
4 1  
4 5  
-- 1 
- 
3 . 4  - 7 .6*  
C-129Y 
<1 
1 
41 
1 
10 
C l  
c 1 
41 
1 
<1 
<1 
L1 
10 
1 
- 5  
4 0  
d 5  
41 
L10 
<- 5 - 
_ _  
Af1 
__I 
FS-85 
i l  
(1 
C r l  
Cl  
1 
-:'I 
<1 
<1 
41 
11 
L 1  
L1 
5 
L 1  
< 5  
4 5  .: 5 
<1 
r 5  
4 5  - 
*c 1 
1 
(1 
10 
.L 1 
L 1  
4: 1 
C l  
1 
41 
4 
L 1  
<10 
i l  
c'5 
4'10 
L: 5 
41 
i.: 10 
4 5  - 
f- 1 
1 
- :1 
1 
- 1  
d'. 1 
1 
c l  
5 
.1 
-' 1 
>25 
10 
- 1  
... 5 
' 10 
--.: 5 
1 
--"lo 
r 5  - 
--- 
- -- 
Terminal 
Capsule  
1 
1 
1 
10 
.- 1 
1 
1 
d l  
5 
1 
4 
L 1  
11 
d 5  
-;15 
-*I 5 
-- 1 
d l 0  
c 5  
10  
- 
* 0 a s  K20 
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t e s t ,  and t h e  o ther  columns show t h e  chemical a n a l y s i s  
of t h e  potass ium e x t r a c t e d  from t h e  t es t  c a p s u l e s  
a f t e r  t h e  tes t .  
The N a  assays of t h e  potassium i n  each case showed 
some v a r i a t i o n  d u r i n g  t h e  t e s t ,  b u t  t h i s  is n o t  
thought  t o  be s i g n i f i c a n t .  
With t h e  e x c e p t i o n  of t h e  FS-.85 c a p s u l e ,  i n  each 
case t h e  V c o n t e n t  of t h e  potass ium i n c r e a s e d  d u r i n g  
t h e  test. The s p e c t r o g r a p h i c  a n a l y s i s  of V is 
a p p a r e n t l y  no t  p a r t i c u l a r l y  s e n s i t i v e ,  so some doubt 
must be cas t  on t h e  r e s u l t s ,  bu t  t h e  t r e n d  of t h e  
r e s u l t s  s u g g e s t s  t h a t  V was l eached  o u t  of these 
a l l o y s  d u r i n g  t h e  test. 
I n  a l l  cases,  t h e  changes i n  potass ium a n a l y s i s  are 
s u f f i c i e n t l y  small t o  i n d i c a t e  material  c o m p a t i b i l i t y .  
Oxygen a n a l y s i s  was only performed on t h e  potass ium 
a t  t h e  s t a r t  o f  the tes t ,  and was r e p o r t e d  a s  3 . 4  t o  
7 . 6  ppm ( a s  K20), the  a n a l y s i s  be ing  performed by t h e  
mercury amalgamation method under a he l ium cove r .  
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The most s i g n i f i c a n t  changes i n  t h e  po tass ium a n a l y s e s  
i n  each tes t  c a p s u l e  were a s  f o l l o w s .  
a .  -_ C-129Y Capsule .  The most s i g n i f i c a n t  change was 
an i n c r e a s e  i n  Cb c o n t e n t  of t h e  potass ium from 
(1 t o  10 ppm. T h i s  Cb presumably was leached 
out  of  t h e  C-129Y and n o t  o u t  of t h e  FS-85 p a r t s  
o f  t h e  c a p s u l e ,  s i n c e  no Cb was l eached  o u t  of 
any of t h e  o t h e r  c a p s u l e s  c o n t a i n i n g  FS-85 p a r t s .  
T h i s  a t t a c k  might have been a d i f f e r e n t i a l  
c o r r o s i o n  e f f e c t .  
I n c r e a s e s  i n  A l ,  Fe,  N i ,  Pb, S i ,  Sn, V and Z r  
c o n t e n t s  were a l so  r e p o r t e d ,  b u t  a r e  n o t  c o n s i d -  
ered t o  be s i g n i f i c a n t .  
b. FS-85 Capsule .  The potass ium from t h i s  c a p s u l e  
showed t h e  l e a s t  change i n  compos i t ion  d u r i n g  t h e  
t e s t .  The on ly  i n c r e a s e  i n  i m p u r i t i e s  obse rved  
were i n  t h e  Sn and Z r  c o n t e n t s  o f  t h e  po tass ium.  
The Si c o n t e n t  showed a s l i g h t  d e c r e a s e .  T h i s  
e x c e p t i o n a l  s t a b i l i t y  may be due t o  t h e  f a c t  t h a t  
t h e  c a p s u l e  was f a b r i c a t e d  e n t i r e l y  o f  FS-85 
m a t e r i a l ,  i n  c o n t r a d i s t i n c t i o n  t o  a l l  t h e  o t h e r  
c a p s u l e s  w h i c h  c o n t a i n e d  d i s s i m i l a r  mater ia ls .  
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c. T-222 Capsule .  I n  t h i s  c a p s u l e  a marked i n c r e a s e  
was observed  i n  t h e  C a  c o n t e n t  of t h e  po ta s s ium 
from <1  t o  10  ppm. No e x p l a n a t i o n  c a n  be o f f e r e d  
for  t h i s  , 
I n c r e a s e s  i n  A l ,  Fe, Pb, S i ,  Sn, V and Zr were 
a l so  r e p o r t e d  bu t  a r e  c o n s i d e r e d  i n s i g n i f i c a n t .  
d.  W-25Re Capsule .  The most marked change w a s  t h e  
r e l a t i v e l y  large i n c r e a s e  i n  Mo c o n t e n t  of t h e  
po ta s s ium from < 1 t o  > 2 5  ppm. I n  view of t h e  
f a c t  t h a t  Mo is normally c o n s i d e r e d  t o  be q u i t e  
r e s i s t a n t  t o  potassium t h i s  a t tack ,  which is 
c o n s i d e r e d  t o  be abnormally s e v e r e ,  is p robab ly  
due t o  some p r e f e r e n t i a l  c o r r o s i o n  e f f e c t  a s  a 
r e s u l t  of W-25Re, Mo-5ORe and TZM molybdenum b e i n g  
i n  c o n t a c t  i n  t h e  c a p s u l e .  
I n c r e a s e s  were found i n  t h e  A l ,  Fe,  Pb, S i ,  Sn, 
T i ,  V and Z r  c o n t e n t s  of t h e  potass ium,  b u t  of 
these o n l y  t h e  increase i n  Fe is c o n s i d e r e d  t o  
be s i g n i f i c a n t .  
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e. Terminal Capsule .  I n  t h i s  c a p s u l e  t h e  major 
changes i n  i m p u r i t i e s  i n  t h e  potass ium were 
i n c r e a s e s  i n  t h e  Ca ,  Fe and S i  c o n t e n t s ,  accompanied 
by minor i n c r e a s e s  i n  t h e  Al, C r ,  Mg and V c o n t e n t s .  
The f o l l o w i n g  a n a l y s i s  has been o b t a i n e d  of t h e  
i m p u r i t i e s  i n  a sample of Lucalox. 
MgO 1000 ppm 
Fe203 100 ppm 
S i02  300 ppm 
CaO 100 ppm 
CUO Trace  
N i O  T r a c e  
MnO Trace  
Cr203 Trace  
While n o t  n e c e s s a r i l y  i n d i c a t i v e  of t h e  a v e r a g e  
impur i ty  l e v e l  of t h e  t es t  t e r m i n a l s ,  i t  is s e e n  
t h a t  w i t h  t h e  e x c e p t i o n  of V, a l l  t h e  i m p u r i t i e s  
which i n c r e a s e d  d u r i n g  t h e  tes t  c o u l d  have been 
p r e s e n t  i n i t i a l l y  i n  t h e  Lucalox,  i n d i c a t i n g  t h a t  
t h e  Lucalox was t h e  p r o b a b l e  s o u r c e  of t h e  
a d d i t i o n a l  po tass ium i m p u r i t i e s .  
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6 . 0  Transducer  S igna  1 Condi t ion ing  
During t h e  r e p o r t  p e r i o d ,  t h e  v a r i o u s  f u n c t i o n a l  
blocks of t h e  t r a n s d u c e r  s i g n a l  c o n d i t i o n i n g  sys tem 
were e s t a b l i s h e d .  To f a c i l i t a t e  i n i t i a l  loop  t e s t i n g  
o f  t h e  t r a n s d u c e r ,  t h e  e l e c t r i c a l  c o n d i t i o n i n g  sys tem 
w i l l  be set up t o  o p e r a t e  on 110 v o l t s ,  60 c p s  i n p u t  
power. P r o v i s i o n s  c a n  be made f o r  o p e r a t i o n  from 
o the r  power s o u r c e s  (e.g. ,  28 v o l t s  dc,  28 v o l t s  400 
c p s ,  28 v o l t s  1000 cps) which are common i n  t h e  
a e r o s p a c e  f i e l d .  F igure  39 p r e s e n t s  t h e  electrical  
c o n d i t i o n i n g  s y s t e m  i n  block diagram form. 
The c o n d i t i o n i n g  system i n c l u d e s  f o u r  c o n t r o l  loops: 
1. a secondary  r e f e r e n c e  col lector  loop ,  
2. a h e a t e r  c o n t r o l  loop,  
3. a t h e r m i o n i c  diode s e n s o r  c o n t r o l  loop  and 
4. a r e s i s t a n c e  thermometer loop. 
The secondary  r e f e r e n c e  c o l l e c t o r  and heater c o n t r o l  
l o o p s  are f u n c t i o n a l l y  t i e d  together i n  t h a t  t h e  
secondary  r e f e r e n c e  c o l l e c t o r  which is embedded i n ,  
and e l ec t r i ca l ly  i s o l a t e d  from, t h e  r e f e r e n c e  
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c o l l e c t o r ,  s e n s e s  t h e  emis s ion  c a p a b i l i t y  of t h e  
emitter. If t h e  emis s ion  f a l l s  t o  a v a l u e  s u f f i c i e n t l y  
s m a l l  t o  cause  t h e  the rmion ic  d i o d e  t o  become emiss ion  
l i m i t e d ,  t h e  heater c o n t r o l  loop  s u p p l i e s  more power 
t o  t h e  t r a n s d u c e r  heater,  t h e r e b y  r a i s i n g  t h e  
emitter t empera tu re  t o  t h e  p o i n t  where t h e  the rmion ic  
d i o d e  aga in  becomes space charge l i m i t e d .  To a v o i d  
e x c e s s i v e  c u r r e n t  s u r g e s  i n  t b e  heater ,  a c o n s t a n t  
c u r r e n t  regula tor  w i t h  i n t e r n a l  r e f e r e n c e  c o n t r o l s  
t h e  c u r r e n t  t o  t h e  t r a n s d u c e r  heater.  A v o l t a g e  
r e g u l a t o r  s u p p l i e s  t h e  secondary  r e f e r e n c e  c o l l e c t o r  
p o t e n t i a l .  The secondary  r e f e r e n c e  c o l l e c t o r  programs 
a feedback c u r r e n t  from t h e  magnet ic  a m p l i f i e r  t o  
s t a b i l i z e  t h e  heater c o n t r o l  l oop  a t  t h e  d e s i r e d  
emitter tempera ture  (2100'F). 
The  thermionic  d iode  s e n s o r  c o n t r o l  loop p r o v i d e s  t h e  
c o n s t a n t  sum-of- the-currents  f u n c t i o n  t h r o u g h  a 
c o n s t a n t  c u r r e n t  r e g u l a t o r  wh ich  is a d j u s t a b l e  t o  any 
v a l u e  between 100 and 300 mil l iamperes .  The 
d i f f e r e n c e  c u r r e n t  is d e r i v e d  from l o w  ohmage 
44. 
resistors i n s e r t e d  i n  t h e  collector l e g s  of t h e  diode 
s e n s o r .  The voltage developed a c r o s s  t h e  resistors 
is ampl i f i ed  by a low d r i f t  d i f f e r e n t i a l  a m p l i f i e r  
t o  d e l i v e r  a 0-5 v o l t  s i g n a l  p r o p o r t i o n a l  t o  t h e  
i n p u t  p r e s s u r e .  
The r e s i s t a n c e  thermometer loop u s e s  a band o f  
t u n g s t e d y t t r i a  m e t a l l i z e d  on t h e  t h e r m i o n i c  d iode  
Lucalox base t o  s e n s e  t h e  t e m p e r a t u r e  of t h e  p r e s s u r e  
c a p s u l e .  The r e s i s t a n c e  change of t h e  t u n g s t e d y t t r i a  
w i t h  t empera tu re  unbalances a bridge c i r c u i t  and 
i n t r o d u c e s  a g a i n  c o r r e c t i o n  i n t o  t h e  d i f f e r e n t i a l  
a m p l i f i e r  t o  compensate fo r  t h e  change i n  Youngs 
modulus of t h e  p r e s s u r e  c a p s u l e  material . 
D e t a i l e d  d e s i g n  s t u d i e s  of t h e  c o n d i t i o n i n g  sys t em 
a r e  be ing  performed t o  f u r t h e r  d e f i n e  t h e  v a r i o u s  
pa rame te r s  and s i g n a l  l e v e l s .  An i n i t i a l  b readboard  
model of t h e  s y s t e m  components is b e i n g  fabricated.  
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7.0 D i f f e r e n t i a l  P r e s s u r e  Transducer  
During the  r e p o r t  per iod ,  e x p e r i m e n t a l  work on t h e  
d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  i nvo lved  a mock-up 
o f  a mechanical c o n f i g u r a t i o n  u s i n g  a c a n t i l e v e r  
s t r u c t u r e  w i t h  combinat ion end load  and end c o u p l e  
r e a c t i o n s .  T h i s  c o n f i g u r a t i o n  is shown i n  Case 111, 
F i g u r e  40. 
o u t e r  and i n n e r  t u b u l a r  beams of t h e  mock-ups. N b - 1 Z r  
was chosen for  two r e a s o n s .  
N b - 1 Z r  t u b i n g  was used  for  both t h e  
1. N b - 1 Z r  h a s  a Youngs modulus about  e q u a l  t o  t h a t  
of t h e  refractory a l l o y s  under  c o n s i d e r a t i o n  for 
u s e  i n  t h e  a c t u a l  t r a n s d u c e r .  
2.  N b - 1 Z r  t u b i n g  is r e a d i l y  a v a i l a b l e ,  i n  v a r i o u s  
s i z e s ,  fo r  tes t  purposes .  
Three  mock-ups were f a b r i c a t e d  for  t e s t i n g .  A l l  used 
t h e  Case I11 c o n f i g u r a t i o n  of F i g u r e  40. The f i r s t  
mock-up used  a brazed assembly w i t h  a n  o u t e r  t u b u l a r  
beam of 0.187 i n c h  O.D., 0.137 i n c h  I . D .  and an i n n e r  
t u b u l a r  beam of 0.096 i n c h  O.D., 0.086 i n c h  I.D.. 
I n i t i a l  t e s t i n g  y i e l d e d  e r r a t i c  r e s u l t s .  I n v e s t i g a -  
t i o n  showed t h a t  t h e  b r a z e  j o i n t  h o l d i n g  t h e  o u t e r  
46. 
and i n n e r  beams t o g e t h e r  had f a i l e d  and t h e  i n n e r  
beam had become loose. A second mock-up was made 
u s i n g  t h e  same s ize  i n n e r  and o u t e r  beams bu t  t h e  
assembly w a s  welded together .  T e s t  r e s u l t s  o b t a i n e d  
from t h e  second mock-up i n d i c a t e d  t h a t  fo r  an  appl ied 
force of one pound, a n  i n n e r  beam d e f l e c t i o n  of abou t  
0.0002 i n c h  was ob ta ined .  
F u r t h e r  c a l c u l a t i o n s  i n d i c a t e d  t h a t  a n  o u t e r  beam 
diameter of about  0.125 i n c h  was r e q u i r e d  t o  o b t a i n  
a n  i n n e r  beam d e f l e c t i o n  of 0.001 inch .  F i g u r e  41 
shows p l o t s  of t h e  t h e o r e t i c a l  d e f l e c t i o n  v e r s u s  
diameter r e l a t i o n s h i p  for each  case of F i g u r e  40. 
To g e n e r a t e  F igu re  41, it was assumed t h a t  (1) t h e  
o u t e r  beam was 1 . 5  inches long ,  (2)  t h e  i n n e r  beam 
extended  0.375 i n c h  beyond t h e  f i x e d  s u p p o r t  of t h e  
o u t e r  beam t o  form t h e  a c t i v e  col lector  s u r f a c e ,  (3) 
t h e  force e x e r t e d  by t h e  p r e s s u r e  c a p s u l e  on  t h e  beam 
w a s  one pound, hnd (4 )  t h e  Youngs modulus of t h e  o u t e r  
beam m a t e r i a l  was about 30 X 106 p s i .  The e q u a t i o n s  
for these r e l a t ionsh ips  may be found i n  t h e  F i f t h  
Q u a r t e r l y  Report (Reference 1) . 
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The t h i r d  mock-up used  a welded  assembly w i t h  an  
o u t e r  t u b u l a r  beam of 0.125 i n c h  O.D., 0.075 i n c h  I .D .  
and a n  i n n e r  t u b u l a r  beam of 0.063 i n c h  O.D. and 
0.051 i n c h  I . D . .  The i n n e r  beam d e f l e c t i o n  was 
moni tored  by a D i s t a n c e  Meter c a p a b l e  of a c c u r a t e  
measurement of d i s t a n c e s  from 50 mic ro inches  t o  0.5 
i n c h  depending on  t h e  probe used.  A probe  is 
e l ec t r i ca l ly  connec ted  t o  t h e  i n s t r u m e n t  and brought  
i n t o  proximi ty  w i t h  t h e  f l a t t e n e d  end of t h e  i n n e r  
beam ( a c t i v e  col lector  s u r f a c e ) .  The c a p a c i t a n c e  
formed between t h e  probe and the  i n n e r  beam is 
c a l i b r a t e d  i n  terms of d i s t a n c e .  The p robe  used  had a 
f u l l  s c a l e  r ange  of 0.005 i n c h  w i t h  a n  a c c u r a c y  of 
20.0001 inch .  A t y p i c a l  f o r c e  v e r s u s  d e f l e c t i o n  
charac te r i s t ic  is shown i n  F i g u r e  42. The data  
i n d i c a t e  t h a t  a p p l i c a t i o n  of a one pound force 
r e s u l t e d  i n  a n  i n n e r  beam d e f l e c t i o n  of abou t  0.0007 
i n c h .  The f o r c e  v e r s u s  d e f l e c t i o n  c u r v e  is l i n e a r  
w i t h i n  3 p e r c e n t  o f  f u l l  scale d e f l e c t i o n  co r re spond-  
i n g  t o  a one pound force. There  a p p e a r s  t o  be no 
d e t e c t a b l e  h y s t e r e s i s  effect .  
48. 
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I t  was though t  possible t h a t  low-frequency r e s o n a n t  
e f fec ts  c o u l d  produce l a r g e  scale  beam motion.  T h e r e f o r e ,  
t h e  mock-up was i n s t a l l e d  on a v i b r a t i o n  tab le  and 
s u b j e c t e d  t o  v i b r a t i o n s  based o n  procedure XIV of 
MIL-E-5272C(ASG). The p rocedure  i n v o l v e d  t h e  follow- 
i n g  test  parameters. 
0 t o  10 c p s ,  0.20 i n c h  doub le  a m p l i t u d e  
10 t o  20 cps ,  k 1 , O g  
20 t o  90 c p s ,  0.05 i n c h  doub le  a m p l i t u d e  
90 t o  2000 c p s ,  k 20g 
Pr io r  t o  t e s t i n g  of t h e  complete mock-up, t he  p robe  
of t h e  D i s t a n c e  Meter was v i b r a t e d  by i t se l f  t o  check 
i f  t he  probe might  e x h i b i t  any r e s o n a n c e  a t  t h e  
f r e q u e n c i e s  of i n t e r e s t .  The p robe  used  for t h e  
v i b r a t i o n  t es t  had a f u l l  scale r a n g e  of 0.010 i n c h  
w i t h  a n  accu racy  of f 0.0002 i n c h .  The decreased 
accuracy  of t h i s  probe was a c c e p t a b l e  f o r  t h i s  tes t  
s i n c e  a q u a l i t a t i v e  idea of  t h e  r e s o n a n t  b e h a v i o r  of 
t h e  beam was a l l  t h a t  was d e s i r e d .  The p robe  e x h i b i t e d  
no r e s o n a n t  p o i n t s  a t  the  f r e q u e n c i e s  used for  t h e  
test .  
49. 
, .  
R e s u l t s  of t h e  v i b r a t i o n  tes ts  of t h e  beam i n  a i r  
showed t h a t  t h e  Case 111 beam c o n f i g u r a t i o n  had 
r e l a t i v e l y  broad r e s o n a n t  peaks  between 220-250 c p s ,  
700-820 cps, and 1400-1600 c p s ,  and a s h a r p l y  d e f i n e d  
resonance  a t  about  330 cps.  Should these r e s o n a n t  
peaks  e x i s t  wh i l e  t h e  beam is i n  o p e r a t i o n ,  t h e  
t r a n s d u c e r  o u t p u t  would be i n  c o n s i d e r a b l e  error. 
However, i n  o p e r a t i o n  t h e  beam w i l l  be immersed i n  
l i q u i d  metal, and t h e r e f o r e ,  s u b j e c t  t o  g r e a t l y  
i n c r e a s e d  damping c o n d i t i o n s .  For t h i s  r e a s o n ,  t h e  
r e sonan t  motion of t h e  beam w i l l  be c e r t a i n l y  
minimized if n o t  e l i m i n a t e d  comple t e ly .  
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T i  T r a c e  
Edge 
I Nb T r a c e  
N e g a t i v e  R e p l i c a  of P h o t o m i c r o g r a p h  C r o s s - s e c t l o n .  
F i g u r e  2 0 .  X-ray  Mic roprobe  T r a c e s  of Meta l -Ceramlc  S e a l .  
w i t h  Ni/Nb/Ti A l l o y .  
Luca lox  M e t a l l i z e d  w i t h  T u n g s t e n - y t t r i a ,  and Brazed  t o  Nb-1Zr 
T r a c e s  Recorded w i t h  L i F  C r y s t a l ,  25KV A c c e l e r a t i n g  P o t e n t i a l .  
70. 
A 1  T r a c e  I 
N e g a t i v e  R e p l i c a  of Pho tomic rograph  C r o s s - s e c t i o n .  
F i g u r e  2 1 .  X-ray Microprobe  T r a c e s  of Meta l -Ceramic  S e a l .  
L u c a l o x  M e t a l l i z e d  w i t h  T u n g s t e n - y t t r i a ,  and Brazed  t o  Nb-1Zr 
T r a c e s  REcorded w i t h  ADP c r y s t a l ,  30 KV a c c e l e r a t i n g  p o t e n t i a l .  
w i t h  Ni/Nb/Ti A l l o y .  
71. 
I Y T r a c e  
Nega t ive  R e p l i c a  of P h o t o m i c r o g r a p h  C r o s s - s e c t i o n .  
F i g u r e  2 2 .  X- ray  Microprobe  T r a c e s  of Meta l -Ceramic  S e a l .  
Luca lox  M e t a l l i z e d  w i t h  T u n g s t e n - y t t r i a ,  and Brazed  t o  Nb-1Zr 
Traces Recorded w i t h  ADP C r y s t a l ,  30 KV A c c e l e r a t i n g  P o t e n t i a l .  
w i t h  Ni/Nb/Ti A l l o y .  
FIGURE 23 
Terminal compatibility capsule in "as sectioned" condition 
after test with one terminal in place. (Full Scale) 
7 3 .  
a 
FIGURE 24- 
C-129Y compatibility capsule in "as sectioned" condition 
after test. (Full Scale) 
7 4 .  
FIGURE 25 
FS-85 compatibility capsule in "as sectioned" condition 
after t e s t .  (full scale) 
75. 
FIGURE 26 
T-222 compatibility capsule in "as sectioned" condition after 
test. (Full Scale) 
7 6 .  
L 
FIGURE 27 
W-25 Re compatibility capsule in "as sectioned" 
condition after t e s t .  (Full Scale) 
77. 
FIGURE 28 
Lower portion of Terminal compatibility capsule in "as sectioned" 
condition after test with terminal removed. 
7 8 .  
FIGURE 29 
Electrical  Terminals with lower end caps removed af ter  
t e s t .  ( 3 X  Magnification) 
79. 
FIGURE 30 
Photograph of C-129Y compatibility capsule after test with 
yoke removed. (3X Magnification) 
80.  
FIGURE 31 
Photograph of FS-85 compatibility capsule after test 
with yoke removed. (3X Magnification) 
81. 
FIGURE 32 
Photograph of T-222 compatibility capsule after test 
with yoke removed. (3X Magnification) 
82. 
FIGURE 33 
Photograph of W-25 Re compatibility capsule after test 
with yoke removed. (3X Magnification) 
83. 
FIGURE 34 
Photomicrograph of C-129Y compatibility capsule after test. 
Section shows electron-beam weld of C-129Y diaphragm to FS- 
85 tube, and portion of opposite diaphragm. (25X Magnification) 
FIGURE 35 
Photomicrograph of FS-85 compatibility capsule after test. 
(25X Magnification) Section shows electron-beam weld of 
FS-85 diaphragm to FS-85 tube, and portion of opposite 
diaphragm. 
85. 
FIGURE 36 
Photomicrograph of T-222 compatibility capsule after test. 
(25X magnification) Section shows electron-beam weld of 
T-222 diaphragm to FS-85 tube and portion of opposite 
diaphragm. 
86.  
FIGURE 37 
Photomicrograph of W-25 Re compatibility capsule after test. 
(25X magnification) Section shows electron-beam weld of W-25 
Re diaphragm to MO-50 Re tube andportion of opposite diaphragm. 
. . . , , . - , 
FIGURE 38 
Intergranular crack in T-222 compatibility capsule at shoulder 
of boss in center of diaphragm. (25X magnification) 
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APPENDIX A 
TRANSDUCER FREQUENCY RESPONSE 
The i n i t i a l  p o r t i o n s  o f  Appendix A a r e  t a k e n  from 
References 3 and 4. T h i s  m a t e r i a l  h a s  been ex tended  
by a d d i t i o n  o f  t h e  c a p i l l a r y  t u b e  model. 
t h i s  model, t h e  n a t u r a l  f requency and damping 
c o e f f i c i e n t  r equ i r emen t s  may be s a t i s f i e d  s imul t aneous ly .  
By use  of 
The n a t u r a l  f requency  and t h e  damping r a t i o  are t h e  
two f a c t o r s  t h a t  d e f i n e  t h e  dynamic movement of a 
mass s u b j e c t e d  t o  a l i n e a r  r e s t o r i n g  force and 
v i s c o u s  damping, and c o n s t r a i n e d  t o  a s i n g l e  deg ree  
o f  freedom. Even though data  is  a v a i l a b l e  conce rn ing  
t h e  n a t u r a l  f requency  and damping r a t i o  under  a 
s p e c i f i e d  set  of c o n d i t i o n s  ( u s u a l l y  a n a t u r a l  
f requency and damping r a t i o  based upon t h e  a c c e l e r a -  
t i o n  response  o f  t h e  p r e s s u r e  t r a n s d u c e r  i n  a i r ) ,  these 
d a t a  may be of l i t t l e  v a l u e  i n  d e t e r m i n i n g  t h e  
f requency  response  under a d i f f e r e n t  set  o f  c o n d i t i o n s .  
The n a t u r a l  f requency  i n  a i r  is de te rmined  by t h e  
a c t u a l  moving mass and t h e  s p r i n g  c o n s t a n t  of t h e  
9 4 .  
t r a n s d u c e r .  When there a r e  no a c o u s t i c a l  r e s o n a n c e s ,  
t h e  n a t u r a l  f requency may be c a l c u l a t e d  by u s i n g  the  
f o 1 lowing e q u a t  i o n  : 
where K is  t h e  s p r i n g  c o n s t a n t  and M is t h e  moving 
mass of t h e  t r a n s d u c e r .  
However, when t h i s  same t r a n s d u c e r  is connected  (see 
F i g u r e  l a )  t o  a t u b e  and t h e  s y s t e m  ( t u b e  p l u s  t r a n s d u c e r )  
f i l l e d  w i t h  a f l u i d  of g r e a t e r  d e n s i t y  t h a n  a i r ,  t h e  
n a t u r a l  f requency is s i g n i f i c a n t l y  lower t h a n  t h e  
v a l u e  determined e x p e r i m e n t a l l y  i n  a i r ,  and is a l so  
lower t h a n  t h e  c a l c u l a t e d  v a l u e  g iven  by Equa t ion  A l .  
I n  f a c t ,  t h e  moving mass of the t r a n s d u c e r  may be a n  
i n s i g n i f i c a n t  f a c t o r  i n  de t e rmin ing  t h e  n a t u r a l  
f requency  of t h e  system. 
The c a l c u l a t i o n  of  t h e  n a t u r a l  f requency  and t h e  damp- 
i n g  r a t i o  of a l i q u i d - f i l l e d  l i n e  p l u s  t r a n s d u c e r  s y s t e m  
is d i f f i c u l t .  Even i n  a s i m p l i f i e d  a n a l y s i s ,  i t  is 
n e c e s s a r y  t o  know t h e  parameters of t h e  p r e s s u r e  
95. 
t r a n s d u c e r  and t h e  l i q u i d  c o n n e c t i o n s .  The p a r a m e t e r s  
of t h e  l i q u i d  c o n n e c t i o n s  ( i .e. ,  d e n s i t y ,  t e m p e r a t u r e ,  
v i s c o s i t y ,  diameter and l e n g t h  of t u b e ,  e l a s t i c i t y  of 
t u b e  wal l ,  etc.) are  u s u a l l y  known o r  can  be de termined .  
However, t h e  parameters of t h e  t r a n s d u c e r  ( i .e . ,  
s p r i n g  c o n s t a n t ,  e f f e c t i v e  a r e a  of t h e  s e n s i n g  
e l emen t ,  mass of moving components, v o l u m e t r i c  
d i sp lacement  of s e n s i n g  element ,  etc.) are d i f f i c u l t  
t o  o b t a i n .  
A method, based on a s t e a d y  s ta te  measurement, w i l l  
be p r e s e n t e d  whereby r e a s o n a b l e  p r e d i c t i o n s  may be 
c a l c u l a t e d  conce rn ing  t h e  dynamic r e s p o n s e  of a 
l i q u i d - f i l l e d  s y s t e m  which is c o n s t r a i n e d  t o  a s i n g l e  
d e g r e e  of freedom. 
To do t h i s ,  Equat ion  A 1  w i l l  be mod i f i ed  t o  take i n t o  
c o n s i d e r a t i o n  t h e  effects  of add ing  a c o n n e c t i n g  
l i q u i d - f i l l e d  l i n e  t o  t h e  basic  t r a n s d u c e r .  
The p r e s s u r e  
e lement  a d i s t a n c e  /:x is g i v e n  by 
LP r e q u i r e d  t o  d i s p l a c e  t h e  s e n s i n g  
96.  
The volume change <'- V accompanying t h i s  d i sp l acemen t  
is g i v e n  by 
L'i V = A /. x 
T h e r e f o r e ,  
and 
For  a l a m i n a r  f l o w  c o n d i t i o n ,  t h e  e q u i v a l e n t  mass M2 
of t h e  l i q u i d  i n  t h e  tube  is g i v e n  by 
The t o t a l  e f f ec t ive  moving mass is 
M = M i  + M2 ( A 6 1  
S u b s t i t u t i o n  of Equat ions  A4b and A6 i n  Equa t ion  A 1  
y i e l d s  -__c 
97. 
Replac ing  M2 i n  Equa t ion  A7 by its v a l u e  from Equa t ion  
A 5 ,  w e  have 
1 
4 A 2  
f n  
M1 +3PL - a
A l l  t h e  terms i n  Equa t ion  A 8 ,  e x c e p t  MI and A ,  a r e  
known or c a n  be de termined  by s t a t i c  measurement. I f ,  
a s  is u s u a l l y  t r u e  when u s i n g  long ,  small-bore t u b e s ,  
t h e  mass Mi is smal l  compared t o  M2, M i  c a n  be 
n e g l e c t e d .  Equa t ion  A 8  now r e d u c e s  t o  
f n  h 
If i t  is d e s i r e d  t o  compute t h e  t r a n s d u c e r  n a t u r a l  
f requency  t h e n  M2 can  be c o n s i d e r e d  n e g l i g i b l e  and 
The damping c o e f f i c i e n t  c a n  be determitied i f  t h e  f l o w  
i n  t h e  tube  i s  assumed non- tu rbu len t  a t  t h e  l o w  
98. 
, 
\ 
Reynolds numbers o r d i n a r i l y  encoun te red .  Fo r  t h i s  
c o n d i t i o n ,  t h e  v e l o c i t y  a t  t h e  wall is zero and t h e  
v e l o c i t y  a t  t h e  c e n t e r  of  t h e  t u b e  is 2u, w i t h  a 
parabolic d i s t r i b u t i o n  a c r o s s  t h e  diameter.  
u = ( d x )  a 
0 
where ( A X )  is t h e  v e l o c i t y  of t h e  s e n s i n g  e lement .  
The k i n e t i c  4 aLo  The mass of t h e  f l u i d  i n  t h e  t u b e  is 
energy  of t h e  f l u i d  i n  the  t u b e  would be 1/2(4aLu2)if 
t h e  f l o w  were uniform. By i n t e g r a t i o n  across t h e  area 
of t h e  t u b e ,  t h e  k ine t ic  energy  of t h e  f l u i d  c a n  be 
found t o  be 
Therefore t h e  e q u i v a l e n t  mass of t h e  f l u i d  i n  t he  
t u b e  is 
99. 
I f  L>)D, and t h e  s e n s i n g  element  is i n  a large c a v i t y ,  
o r  is placed  close t o  t h e  t u b e  e n t r a n c e ,  t h e  t o t a l  
e f fec t ive  mass is M = M i  + M 2  where M2 is u s u a l l y  t h e  
dominant t e r m .  End e f fec ts  c o u l d  be t a k e n  i n t o  
account  by u s i n g  (L + D) as an  approximate  t u b e  
l e n g t h .  
sys tem,  t h e  p o t e n t i a l  and k i n e t i c  e n e r g i e s  are equa ted  
i n  t h e  p resence  of a s i n u s o i d a l  o s c i l l a t i o n .  
To compute t h e  n a t u r a l  f requency  of t h e  
Thus 
and 
r ".q - K 
M 
The effects of l i q u i d  v i s c o s i t y  may be approximated,  
s i n c e  it is essen t i a l  t o  know t h e  amount of v i s c o u s  
damping i n  t h e  s y s t e m  i f  t h e  utmost i n  r e s p o n s e  f i d e l i t y  
is to be a t t a i n e d .  By u s i n g  t h e  e q u a t i o n  for  v i s c o u s  
flow i n  a c i r c u l a r  p i p e ,  t h e  p r e s s u r e  drop  is 
P - 3 2  )AL% 
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The ave rage  l i q u i d  v e l o c i t y  is 
u =  A (a'x) 
a 
Then t h e  p r e s s u r e  drop referred t o  t h e  s e n s i n g  e lement  
is 
Hence, t h e  v i s c o u s  r e a c t i o n  c o e f f i c i e n t  is 
The damping r a t i o  f o r  t h e  sys tem is t h e n  g i v e n  by 
S u b s t i t u t i o n  of t h e  v a l u e s  fo r  K and M from Equa t ions  
A4b and A 6  g i v e s  
h =  4WL p a (A211 
101. 
Again, assuming M i  a s  small compared to  M2, and 
s i m p  1 if y i ng 
The s o l u t i o n  of t y p i c a l  problems u s i n g  t h e  above 
e q u a t i o n s  w i l l  show t h a t  i t  is f r e q u e n t l y  d i f f i c u l t  
t o  o b t a i n  both t h e  d e s i r e d  na . tura1  f requency  and 
t h e  damping c o e f f i c i e n t  a t  t h e  same t i m e .  I t  is 
common practice t o  resolve t h i s  problem by t h e  place- 
ment of some t y p e  of "snubber" e lement  i n  the  
connec t ing  l i n e  which w i l l  i n c r e a s e  t h e  i n f l u e n c e  of 
t h e  t u b e  v i s c o u s  damping t e r m  w i thou t  i m p a i r i n g  t h e  
t u b e  flow c a p a b i l i t y .  
F i g u r e  l b  is a model s imilar  t o  t h e  o r i g i n a l  model of 
t h e  pressure t r a n s d u c e r  p i p i n g  s y s t e m  e x c e p t  t h a t  t h e  
connec t ing  t u b i n g  c o n s i s t s  of many p a r a l l e l  t u b e s .  
For t h i s  p h y s i c a l  model t h e  changes  t h a t  need t o  be 
cons ide red  are those t h a t  i n f l u e n c e  E q u a t i o n s  A 9  and 
102 . 
A 2 2 .  For Equat ion  A 9  t he  terms t o  be c o n s i d e r e d  are 
and a .  The t o t a l  is n o t  changed f o r  t h i s  
new s y s t e m  and t h e  a r e a  can  be expressed a s  (N) 
T h i s  s imply  means t h a t  for  e q u i v a l e n t  t u b e  f low a r e a  
t h e  n a t u r a l  f requency  is n o t  changed. The e q u a t i o n  
f o r  t h i s  s i t u a t i o n  is g iven  by 
--- 
S i m i l a r l y  t h e  damping c o e f f i c i e n t  t e r m  (Equa t ion  A 2 2 )  
c a n  be c o n s i d e r e d  for  t h e  effects of t h e  m u l t i p l e  
t u b e  arrangement  on  A P  and a .  S i n c e  t h e  t u b e s  a r e  
( 2 4  
i n  p a r a l l e l ,  w e  can c o n s i d e r  j u s t  one  t u b e  connec ted  
t o  a s e n s i n g  e l e m e n t  w i t h  
of t h i s  new s y s t e m  w i l l  now be r e p r e s e n t a t i v e  of t h e  
. . S i n c e  each p o r t i o n  (3
103. 
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t o t a l  s y s t e m ,  t h e  damping term based on  t h e  e l e m e n t a l  
p o r t i o n  c a n  be computed. For  t h i s  case 
The use  of t h e s e  e q u a t i o n s  coupled  w i t h  s t a n d a r d  
ampli tude r a t i o  and phase  a n g l e  c u r v e s  w i l l  p r o v i d e  
t h e  basis f o r  p r e d i c t i n g  t r a n s d u c e r  r e s p o n s e  
c h a r a c t e r i s t i c s .  I t  is recommended t h e  Equa t ion  A 1 0  
be used as a check  on t h e  assumption t h a t  M i  c a n  be 
neg lec t ed .  I f  t h i s  term is not  n e g l i g i b l e  it can be 
f a c t o r e d  i n t o  t h e  a n a l y s i s  when deve lop ing  t h e  
attenuation-phase diagram. 
The main l i m i t a t i o n  on t h e  above a n a l y s i s  is t h a t  
f l u i d  c o m p r e s s i b i l i t y  and t h e  r e s u l t a n t  d i s t r i b u t i v e  
c a p a c i t a n c e  is n o t  c o n s i d e r e d .  
104. 
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APPENDIX B 
NOMENCLATURE 
A = e f f e c t i v e  a r e a  of t h e  s e n s i n g  element  
a = cross s e c t i o n a l  area of t h e  c o n n e c t i n g  t u b e  
I) = diameter of t h e  connec t ing  t u b e  of F i g u r e  l a  
d = diameter of i n d i v i d u a l  t u b e  of F i g u r e  l b  
f n  = n a t u r a l  f requency ,  cycles p e r  second 
h = damping r a t i o  
K = s p r i n g  c o n s t a n t  
L = l e n g t h  of t h e  connec t ing  t u b e  
M i  = moving mass of t h e  t r a n s d u c e r  
M2 - e q u i v a l e n t  mass of t h e  l i q u i d  
N = number of t u b e s ,  see F i g u r e  l b  
L P  = p r e s s u r e  change 
P1, P2 = p r e s s u r e s  whose d i f f e r e n t i a l  is t o  be moni tored ,  
see F i g u r e  40 
T = t u b u l a r  o u t e r  beam l e n g t h ,  Cases I1 & I11 of 
F i g u r e  40 
t = t u b u l a r  o u t e r  beam l e n g t h ,  Case I of F i g u r e  40 
u = ave rage  v e l o c i t y  of f l u i d  i n  the  t u b e  
LV = volume change 
W = f o r c e  e x e r t e d  by p r e s s u r e  c a p s u l e  on  beam, see 
F i g u r e  40 
105. 
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I 
C x  = displacement  of t h e  s e n s i n g  e lement  
= l i q u i d  v i s c o s i t y  
= l i q u i d  d e n s i t y  
0, - n a t u r a l  frequency,  r a d . / s e c .  
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